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1 Introduction and literature review 
1.1 Introduction 
Both Toxoplasma (T.) gondii and Eimeria (E.) tenella belong to the phylum Apicomplexa and are 
widely prevalent in poultry worldwide. Chickens are an important reservoir of T. gondii. This is 
especially true for free-ranging chickens which have been reported to show high seroprevalence rates 
for T. gondii infection (DUBEY 2010). Although toxoplasmosis commonly takes a subclinical course 
in chickens, it is one of the main foodborne diseases affecting humans by eating uncooked meat or 
raw fruit and vegetables contaminated with cat feces (JONES and DUBEY 2012). On the contrary, E. 
tenella is host-specific and a parasitic protozoan which invades and develops in the intestinal 
epithelial cells of chicken causing the economically important eimeriosis (CLARK et al. 2017). 
During an infection, immune cells such as macrophages are stimulated to phagocytize the 
intracellular parasites and produce inflammatory cytokines and chemokines. Chicken macrophages 
play a crucial role in the host immune response to both T. gondii and E. tenella (HÉRIVEAU et al. 
2000; QUÉRÉ et al. 2013; UNNO et al. 2008). On the other hand, chicken macrophages have been 
reported as host cells for T. gondii tachyzoites reproduction and as transporters of E. tenella 
sporozoites during the endogenous phase of development (CHALLEY and BURNS 1959; 
MALKWITZ et al. 2013; MEIRELLES and SOUZA 1985), assigning them an ambiguous role in 
host-pathogen interaction.  
Many studies investigate host-pathogen interactions of either T. gondii or Eimeria spp. infections. 
However, little is known to date about the mutual pathogen-pathogen interaction between these two 
parasites and interactive influence on and response from the avian host organism through 
co-infections are likely to be common in the field. An infection model for T. gondii based on ex vivo 
isolated chicken primary monocyte-derived macrophages has been established previously 
(MALKWITZ et al. 2013). Coccidiosis is considered an excellent model to study the gut 
immunopathology due to the effectiveness of innate, acquired or maternal immunity against Eimeria 
spp. (CHAPMAN et al. 2013). An early study showed that macrophages isolated from chicken 
immunized with E. tenella inhibited not only the intracellular development of E. tenella sporozoites, 
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but also T. gondii tachyzoites (ONAGA et al. 1983). In addition, SOARES MEDEIROS et al. (2011) 
referred that extraintestinal merozoites of T. gondii and intestinal merozoites of E. tenella showed a 
similar functional ultrastructure. Therefore, studies into co-infections with both highly similar 
pathogens regarding parasite behavior as well as host reaction are needed to clarify their impact on a 
susceptible avian host. 
In the current in vitro studies, the co-occurrence of the two pathogens in the same avian 
immuno-competent host cell population towards potential parasite-parasite as well as altered patterns 
of parasite-host interactions were investigated. The obtained data will help to understand the 
relevance of natural co-infections for both, chickens (replication and pathogenicity of E. tenella, 
nature of T. gondii pathogenesis in co-infections) and humans, as the replication and tissue 
colonization by T. gondii might be enhanced during mixed infections thus potentially increasing 
human risk of Toxoplasma infection by poultry meat (“One Health”).  
1.2 Literature review 
1.2.1 Toxoplasma gondii  
1.2.1.1 Toxoplasmosis  
T. gondii is the most successful protozoan parasite globally and can infect almost all warm-blooded 
animals including humans. Chronic toxoplasmosis is estimated to be present in one-third of the 
global human population (TORGERSON and MASTROIACOVO 2013). Mostly, toxoplasmosis in 
adults is asymptomatic but it can cause devastating disease in immunosuppressed persons, e.g., 
systemic lethal infections, ocular disease, congenital disease, and abortion in pregnant women 
(LYONS et al. 2001; ROBERT-GANGNEUX and DARDÉ 2012). Poultry has a high tolerance and 
shows rarely clinical signs after infections with T. gondii (DUBEY 2010). Several serological tests 
have been used to detect toxoplasmosis in animals and humans, including the Sabin-Feldman dye 
test (DT), complement fixation test (CFT), complement inhibition test (CIT), indirect 
haemagglutination test (IHAT), indirect fluorescent antibody test (IFAT), latex agglutination test 
(LAT), modified agglutination test (MAT) and enzyme-linked immunosorbent assay (ELISA) 
(DUBEY. 2010). While drugs are available that control acute human toxoplasmosis, such as 
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pyrimethamine plus sulfadiazine, timely treatment is difficult in subclinical infections. T. gondii 
infects a great range of avian species, including wild birds as well as domestic birds (DUBEY 2002; 
DUBEY 2010). However, most published studies on parasite-host interaction during T. gondii 
infections and the involvement of macrophages are based on experiments with mammalian 
macrophages. Little is known about the avian host immune response to T. gondii, particularly how 
this parasite modulates the avian macrophage. In fact, chicken macrophages have been shown to play 
a crucial role in the innate immune response against chicken toxoplasmosis (GAZZINELLI et al. 
1993a). GUILLERMO and DAMATTA (2004a) referred that T. gondii is able to inhibit nitric oxide 
(NO) production not only in murine macrophages but also in a permanent chicken macrophage cell 
line. MALKWITZ et al. (2018) showed that proinflammatory cytokines such as interleukin (IL)-12 
p40 and nitric oxide synthase (iNOS) were upregulated by chicken primary macrophages after T. 
gondii infection.  
1.2.1.2 Life cycle 
There are three infective stages in the facultative heteroxenous life cycle of T. gondii. This includes 
the sporozoite inside sporulated oocysts, rapidly dividing tachyzoites, and slowly dividing 
bradyzoites contained in tissue cysts. All three stages are infectious for both intermediate and 
definitive host by different ways of transmission (TENTER et al. 2000), though oral infection is the 
most common route. Felines serve as the definitive host in the life cycle T. gondii and excrete 
oocysts that feature a high tenacity in the environment. Sporogony occurs environmentally and leads 
to the development of infectious oocysts. One oocyst contains two sporocysts, each containing four 
sporozoites (JACKSON and HUTCHISON 1989). After oral uptake of sporulated oocysts by the 
susceptible host, sporozoites differentiate into so-called tachyzoites undergoing asexual development 
and spreading systemically. Tachyzoites actively invade host cells in different tissues and replicate 
rapidly. Tissue cysts develop as early as 7-10 days after infection as transformation from tachyzoite 
to bradyzoites (syn. cystozoite) occurs (DUBEY et al. 1998). Cysts are found mainly in brain cells or 
muscular cells as spheroid structures with a varying size of 10-100 μm. Upon ingestion of 
cyst-containing tissues by carni- or omnivore intermediate hosts, cysts are ruptured in the digestive 
tract and bradyzoites are liberated. The released bradyzoites infect the intestinal epithelium and 
Introduction and literature review 
4 
 
differentiate back into the tachyozoite stage for multiplication throughout the body of the new host. 
Tachyzoites can also cross the placenta and infect the fetus (congenital toxoplasmosis) during 
pregnancy (ROBERT-GANGNEUX and DARDÉ 2012). Sexual reproduction occurs only in the cats‟ 
intestine. Here, bradyzoites undergo a limited asexual multiplication to form merozoites during 
schizogony followed by sexual differentiation to male and female gametes (gametogony). After 
fertilization, unsporulated oocysts develop within intestinal epithelium and are finally liberated from 
the host cells to be excreted via the fecal route. 
1.2.1.3 Zoonotic importance and prevalence in poultry  
TENTER et al. (2000) reported that between 30% and 65% of humans worldwide were infected by T. 
gondii. One of the important transmission routes of T. gondii to human is fecal contamination of food 
and water by infected felids. DUBEY and BEATTIE (1988) reported that the seroprevalence in wild 
felids may reach up to 100% and average seropositivity is 30-40% in domestic cats. On the other 
hand, foodborne human toxoplasmosis is commonly acquired by consumption of undercooked 
cyst-contaminated meat (TENTER et al. 2000). In general, pork, meat originating from ruminants as 
well as poultry have been considered to be possible sources of T. gondii infection in humans 
(DUBEY 2000). Along with the intensification of livestock management including improved hygiene 
conditions in housed animals, the risk of T. gondii infection in commercial livestock such as pigs and 
poultry has been reduced significantly (TENTER et al. 2000; DUBEY et al. 2005). Nevertheless, 
free-ranging livestock is still frequently exposed to T. gondii infection, including avian hosts. In 
poultry, DUBEY (2010) considered that free-range chicken play a crucial role in the transmission of 
T. gondii due to their clinical resistance and their higher life expectancy compared to rodents. 
Worldwide, high prevalence of T. gondii was found in backyard chickens (up to 100%) and 
free-range organic chickens (30-50%) (DUBEY et al. 2004; KVIČEROVÁ et al. 2008). In Germany, 
KOETHE et al. (2011) reported recently high seroprevalence of 20.2% in domestic turkeys. High 
seroprevalence of 5.7% and 25.2%, respectively, were also observed in Germany in ducks and geese 
(MAKSIMOV et al. 2011).  
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1.2.1.4 In vitro culture system  
Several culture systems for T. gondii have been described and utilized by many research groups for 
decades. Mostly, actively dividing tachyzoites are promoted in cell culture systems while 
reproduction of T. gondii oocysts has not been achieved in vitro yet (MULLER and HEMPHILL 
2013). Parasites and their soluble products have been used for experimental in vitro models and the 
development of serologic tests (ASHBURN et al. 2000; HUGHES and FLECK 1986) or drug 
screening (FICHERA et al. 1995). The tachyzoite is considered as one of the most infectious stages 
of the T. gondii life cycle (DUBEY 1998). Tachyzoites are able to invade all nucleated cell types 
where they multiply in a specific parasitophorous vacuole (PV). Due to the infectivity of T. gondii to 
a broad range of susceptible cells, a large variety of suitable mammalian cell lines have been used to 
investigate the biology of T. gondii tachyzoites. This includes HeLa (epitheloid cervix carcinoma), 
HFF (human foreskin fibroblasts), HEp-2 (human epithelial type 2), Vero (fibroblast-like kidney) 
cells and kidney cell line (ASHBURN et al. 2000; HUGHES and FLECK 1986; EVANS et al. 1999). 
Although T. gondii tachyzoites are relatively easy to cultivate, the stage conversion into the chronic 
cyst form containing the bradyzoite stage is more difficult to achieve in vitro. It may be induced by 
abiotic stress factors such as alkaline pH, chemicals, heat shock and some pro-inflammatory 
cytokines (SKARIAH et al. 2010).  
In addition to permanent cell lines, primary cells, such as neural cells, intestinal epithelial cells and 
primary immune cells, are commonly used to study the biology of T. gondii as well as host-parasite 
interactions (FISCHER et al. 1997; MOURA et al. 2009). In chicken, primary blood 
monocyte-derived macrophage cultures are suitable host cells for T. gondii tachyzoites and allow 
their reproduction (MALKWITZ et al. 2013; MALKWITZ et al. 2018). Functional studies into the 
immune response of primary macrophages against T. gondii showed elicitation of 
macrophage-derived pro-inflammatory cytokines (MALKWITZ et al. 2018).  
1.2.2 Eimeria tenella 
1.2.2.1 Clinical coccidiosis in chickens 
There is no doubt that coccidia are the most important parasites of poultry regarding distribution, 
Introduction and literature review 
6 
 
frequency and economic losses (SHIRLEY and LILLEHOJ 2012). Seven species of host-specific 
Eimeria are commonly found in chickens, namely E. acervulina, E. mitis, E. maxima, E. brunetti, E. 
necatrix, E. praecox, and E. tenella. E. tenella is particularly considered as a rather pathogenic 
species in chicken. This species causes hemorrhagic intestinal damage as well as economic and 
animal losses in poultry industry and is of relevance to animal welfare (DALLOUL and LILLEHOJ 
2006; SHIVARAMAIAH et al. 2014). Secondary infections with bacterial as well as viral pathogens 
are commonly observed to mutually interact with parasites thus promoting more serious clinical 
signs (RUFF. 1999).  
Diagnosis of E. tenella infection is based on typical clinical signs, characteristic gross lesions in 
caeca upon necropsy, and oocyst identification in faecal droppings by microscopic analysis 
(CHAPMAN et al. 2013). Polymerase chain reaction (PCR) assay is commonly used to detect and 
differentiate Eimeria species (KAWAHARA et al. 2008). Intragenomic polymorphisms of the 18S 
rRNA gene or internal transcribed spacer (ITS) regions (BLAKE et al. 2008; OGEDENGBE et al. 
2011b) have been used to characterize species and strains of Eimeria. The mitochondrial cytochrome 
c oxidase subunit I gene (cox-1, COI) represents another good target for molecular identification by 
PCR (OGEDENGBE et al. 2011a).  
1.2.2.2 Life cycle 
Unlike T. gondii, chickens are the only and specific host over the entire life cycle of E. tenella 
(BLAKE and TOMLEY 2014). The life cycle contains exogenous and endogenous developmental 
stages. The unsporulated oocyst (non-infective) is excreted with the faeces by infected chickens, and 
sporulates into the infective oocyst in the environment based on the availability of appropriate (warm) 
temperature, moisture, and oxygen. One sporulated oocyst contains four sporocysts, each containing 
two sporozoites. When sporozoites are released from sporulated oocysts after oral uptake by the next 
susceptible chicken host, E. tenella sporozoites invade enterocytes undergoing endogenous 
development in the caecal mucosa (LAL et al. 2009). At first, trophozoites are formed from 
sporozoites within the host cells. Subsequently, merozoites are produced during so-called schizogony 
(merogony), which are released under host cell destruction and then penetrate into neighbouring 
enteric cells. After completion of another schizogony, second generation merozoites are released and 
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differentiate after invasion of mucosal host cells into either microgamonts or macrogamonts, a 
process of sexual reproduction called gametogony (syn. gamogony). Finally motile microgametes 
leave their host cell seeking out for macrogametes to form the diploid zygote (syngamy) that 
transforms into an unsporulated oocyst by developing a firm oocyst wall out of so-called wall 
forming bodies. The whole endogenous part of the life cycle of E. tenella is short with only 5 days of 
prepatency that may lead to rapid environmental contamination with large numbers of oocysts that 
become infective following meiosis to form haploid sporozoites within a short period of time 
(JEURISSEN et al. 1996). 
1.2.2.3 Control  
The poultry industry is one of the most important food suppliers all around the world. Coccidiosis 
costs more than $3 billion dollars annually in the global poultry industry due to production losses 
and cost of prevention and treatment (DALLOUL and LILLEHOJ 2006). Eimeria spp. transmission 
occurs easily by feed, water, oocyst-contaminated litter and persons moving between houses and 
farms (BELLI et al. 2006). Commercial flocks (broilers) are generally kept in an environment 
(temperature and humidity) which promotes exogenous Eimeria survival and sporulation. Control of 
coccidiosis is essential to avoid significant economic losses. 
Control of coccidiosis in poultry is currently achieved by appropriate management, use of drugs or 
vaccination. Prophylactic anticoccidials such as polyether ionophores or synthetic products were 
used effectively over decades in the poultry industry. Ionophores are able to destroy motile 
sporozoites and merozoites of Eimeria in the gut lumen or following cell penetration (SMITH and 
STROUT 1979). In the United States, anticoccidials were commonly used in about 99% of 
commercial broiler chicken farms from 1995 to 1999 (CHAPMAN 2001). However, drugs are no 
longer completely effective on many operations as resistance to anticoccidial drugs has developed in 
Eimeria spp. (RATHINAM and CHAPMAN 2009; PEEK and LANDMAN 2006). Some natural 
herbs have been found effective as alternative treatment against E. tenella by reducing lesion scores 
and oocyst excretion (YOUN and NOH 2001; ALLEN et al. 1997). Live attenuated or non-attenuated 
vaccines have been well established in recent years. However, the cost of vaccine production and 
acquisition of suitable parasite strains have been barriers to the general use (CHAPMAN and 
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JEFFERS 2014).  
1.2.1.4 In vitro culture system 
PATTON (1965) firstly reported a method for in vitro culture of E. tenella in Madin-Darby bovine 
kidney (MDBK) cells. TIERNEY and MULCAHY (2003) tested in vitro reproduction efficiency for 
the E. tenella asexual stage in a range of cell lines, showing that parasites displayed significant 
replication in BHK (baby hamster kidney), MDBK and RK-13 (rabbit kidney) cells. MDBK cells 
and an incubation temperature of 41 °C were considered optimal for the in vitro growth of E. tenella.  
In vitro cultivation of E. tenella has been applied to test for anticoccidial efficacy of synthetic and 
natural compounds as alternative to animal experiments (KHALAFALLA et al. 2011; THABET et al. 
2017; ALNASSAN et al. 2015). The molecular and immunologic features of the parasite have also 
been investigated in vitro (LILLEHOJ and CHOI 1998). For instance, transient transfection of E. 
tenella oocysts has been established in vitro and assists the interpretation of genetic, biologic and 
morphologic studies (SHI et al. 2008; CLARK et al. 2008). Although there were some studies 
describing propagation of E. tenella over the whole life cycle in primary chicken kidney cells, 
pathogenicity was reduced by generation (ZHANG et al. 1997; HOFMANN and RAETHER 1990; 
SHI et al. 2008). Reliable protocols for efficient in vitro development to the sexual stages are still not 
available.  
Chicken macrophages have been broadly used to study parasite biology and the innate immune 
response to E. tenella (LONG and ROSE 1976). It was shown that primary cultures of chicken 
macrophages from peritoneal exudates allowed only limited growth of E. tenella. Macrophages 
isolated from spleen were used to study E. tenella infection-related cytokine expression previously 
(BYRNES et al. 1993). In addition, chicken macrophage permanent cell lines such as 
macrophage-like chicken (HD-11) and hepatoma tissue culture (HTC) cell lines reacted similarly to 
primary macrophages to E. tenella (ZHANG et al. 1995a; CHOW et al. 2011).  
1.2.3 Macrophage-parasite interaction  
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1.2.3.1 General aspects 
Chicken have evolved a sophisticated immune system that differs from that of mammals in various 
aspects. As in mammals, chicken macrophages constitute the first line of immunological defense 
against pathogens (QURESHI et al. 2000). They act as antigen presenting cells for B and T 
lymphocytes. Their functions are primarily phagocytosis and production of chemokines and 
cytokines that mediate both humoral and cell-mediated inflammatory responses (DALLOUL and 
LILLEHOJ 2006). Nutrition, genetics and environmental factors are thought to modulate 
macrophage functions (QURESHI 2003). Unlike in the murine immune system, only few resident 
macrophages are present in the abdominal cavity which is thus not very suited as a source of chicken 
macrophages. In chicken, harvesting of blood monocytes is a feasible procedure to gain adherent 
macrophages for in vitro studies. Avian monocyte-derived macrophages constitute a major 
phagocytic cellular component in the blood. Primary macrophage cultures have been established by 
in vitro cultivation of peripheral blood white cells and rinsing off non-adherent cell fractions 
(QURESHI et al. 2000). Additionally, several chicken macrophage-like cell lines have been 
developed with more consistent functional characteristics than primary cultures, such as HD 11, 
chicken mononuclear (Muquarrab Qureshi-North Carolina State University, MQ-NCSU) cell line as 
well as HTC cells (BEUG et al. 1979; QURESHI et al. 1990; INOUE et al. 1992; XING et al. 2010).  
NO is an important immunologic mediator produced by iNOS, that is involved in antimicrobial 
activity against intracellular pathogens (KODUKULA et al. 1999; MURRAY and NATHAN 1999). 
iNOS is considered to be mainly secreted by activated macrophages (HIBBS et al. 1987). Avian 
macrophages can be stimulated e.g. by lipopolysaccharide (LPS) contact or inflammatory cytokines. 
Similar to mammalian macrophage activation, LPS-stimulated chicken macrophages exhibit 
activation of iNOS as well as tumor necrosis factor (TNF) (QURESHI et al. 1993). Moreover, 
activation of chicken macrophages by interferon (IFN)-γ plays a crucial role in the Th1 mediated 
protection (HE et al. 2011). In addition, Toll-like receptors (TLRs), usually expressed by 
macrophages, play crucial roles in the phagocytosis and activation of innate immunity (YILMAZ et 
al. 2005). TLRs are able to recognize a variety of pathogen associated molecular patterns (PAMPs) in 
microbes, such as bacterial LPS, lipopeptids, glycolipids and viral nucleic acids (LEMAITRE 2004).  
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1.2.3.2 Phagocytosis  
Macrophages protect the host by engulfing microbes or apoptotic cells within phagosomes where 
they are rapidly destructed. The non-specific function, phagocytosis, appears as early as day 12 of 
chicken embryonic development (JEURISSEN and JANSE. 1989). Macrophages can destroy both 
intracellular and extracellular pathogens through phagocytosis and lysosomal degradation. Cultured 
primary macrophages and macrophage cell lines can spontaneously phagocyte e.g. various bacterial 
or fungal pathogens, and phagocytosis may be employed even to visualize macrophage activity by 
uptake of fluorescent microbeads (OKAMURA et al. 2005; ROSSI and TURBA 1981; ABEL et al. 
1991). Most of the phagocytosis is mediated by specific receptors such as mannose receptors on the 
surfaces of macrophages. These specific receptors can recognize antigenic targets of certain 
pathogens and bind pathogens to the macrophages for phagocytosis (QURESHI 2003). After 
pathogens are phagocytized and transferred into the phagosome of macrophages, the fusion of the 
phagosome with a lysosome occurs which leads to the formation of the phagolysosome aiming for 
degradation of the internalized pathogen (QURESHI and DIETERT 1995; AMER and SWANSON 
2002). In avian macrophages lysosomes contain anti-microbial proteins and enzymes such as acid 
phosphatase and β-glucuronidase (SHARMA 2018; JUUL-MADSEN et al. 2008).  
T. gondii actively penetrates into both phagocytic and non-phagocytic cells and resides in a 
non-fusogenic vacuole that excludes most host-derived proteins thus protecting the pathogen from 
host cell endocytic and exocytic pathways (MORDUE et al. 1999; SIBLEY 2011). The host cell 
membrane contributes to more than 85% of the PV membrane. In fact, formation of T. gondii PV is 
based on invagination of the host cell plasma membrane within 25-40 s after the beginning of host 
cell invasion (MORISAKI et al. 1995; LING et al. 2006; ZHAO et al. 2009). The T. gondii PV is a 
target for recognition by the host immune system. MEIRELLES and SOUZA (1985) reported that 
chicken monocyte-derived macrophages were capable of fusing the PV formed by amastigote 
Leishmania mexicana with lysosomes after infection. However, T. gondii tachyzoites multiply well 
in macrophages derived from chicken blood monocytes within specific PV. T. gondii PVs were 
shown to fail triggering of phagosome acidification in macrophages (SIBLEY et al. 1985). Murine 
phagocytic leukocytes such as monocytes, lymphocytes and neutrophils are able to disseminate T. 
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gondii tachyzoites from the intestine to the brain (COURRET et al. 2006). LING et al. (2006) and 
ZHAO et al. (2009) demonstrated that murine macrophages are involved in the vacuolar disruption 
of T. gondii PV. CD 40-activated human macrophages were capable to destruct intracellular T. gondii 
by triggering autophagy-dependent fusion of PV and lysosomes (ANDRADE et al. 2006). Moreover, 
macrophage phagocytosis plays an important role in triggering the cellular immune response against 
intracellular T. gondii. For instance, human monocyte-derived macrophages failed to produce 
cytokines in response to actively invading T. gondii when macrophage phagocytosis was inhibited by 
mycalolide B (TOSH et al. 2016).  
For Eimeria-infected animals, macrophages have been shown to phagocytize the parasite and may 
even serve as vehicles for transporting sporozoites into the lamina propria of the intestinal mucosa 
(TROUT and LILLEHOI 1993; CHALLEY and BURNS 1959). In an early in vitro study, LONG 
(1975) observed intracellular E. tenella sporozoites within 2 hours after infection and very poor 
parasite growth occurred in cultured chicken macrophages. VERVELDE et al. (1996) reported that 
sporozoites were frequently located within or next to the lamina propria infiltrated with macrophages 
after E. tenella infection in naïve chickens. ROSE and LEE (1977) indicated that the mechanism of 
sporozoites entry into macrophages was by phagocytosis without any evidence of active penetration. 
Similarly, TAUBERT et al. (2009) referred that the active invasion of E. bovis sporozoites was 
negligible during in vitro infection in bovine macrophages.   
1.2.3.3 Chicken macrophages in innate immunity  
1.2.3.3.1 Innate immune response against T. gondii  
As in humans and mammals, infection of chicken monocytes by T. gondii tachyzoites triggers innate 
immune responses e.g. by stimulation of synthesis of pro-inflammatory cytokines, followed by 
activation of adaptive immune responses. Intracellular T. gondii can be killed by human 
monocyte-derived macrophages activated by IFN-γ belonging to the cluster of differentiation (CD) 
40 (ANDRADE et al. 2006). Macrophage activation plays a crucial role in mucosal immunity 
against T. gondii by inducing T-helper (Th)1 immune responses, including iNOS upregulation, IL-12 
production and TNF-α secretion (DUNAY et al. 2008). Moreover, IFN-γ controls the replication of 
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this intracellular parasite by activation of macrophages. GAZZINELLI et al. (1993b) showed that 
down-regulation of IFN-γ and TNF-α reduced macrophage activation, leading to parasite growth as 
well as tissue damage. Human peripheral blood monocytes have been shown previously to be 
important sources of IL-12 and TNF-α in host defense against T. gondii (TOSH et al. 2016). 
Macrophages activated by T. gondii in vitro produce IL-1β and TNF-α (PHILIP and EPSTEIN 1986; 
NAGINENI et al. 1996). In addition, macrophages are one of the best characterized iNOS expression 
sources. T. gondii Type I and Type II strains are affected by iNOS activity in murine cells in vivo 
(TAKÁCS et al. 2012). SCHARTON-KERSTEN et al. (1997) showed that mortality of iNOS 
knockout mice infected with T. gondii was high at the stage of parasite expansion. Additionally, 
IL-10 is important factor in T. gondii infection in mice, which is involved in down-regulating 
inflammatory response (GAZZINELLI et al. 1996).   
1.2.3.3.2 Innate immune response against E. tenella  
LONG and PIERCE (1963) referred that B cells and the humoral immunity played a minor role 
during primary infection of chickens with E. tenella, implying the importance of cell-mediated 
responses against this parasite. The host immune responses to E. tenella are complex and depend on 
the stage of parasite development, nutritional condition of infected chicken as well as the prior host 
exposure in terms of acquired immunity (LILLEHOJ et al. 2004). VERVELDE et al. (1996) reported 
that most infiltrating leukocytes were macrophages and T cells in the lamina propria of E. 
tenella-infected intestine in chickens. In vitro E. tenella development was inhibited by IFN-γ 
activated chicken macrophages (DIMIER et al. 1998). Tumor necrosis-like factor (TNLF) is 
considered to play a major role in weight loss in E. tenella-infected chickens (ZHANG et al. 1995b). 
In the in vivo studies of DALLOUL et al. (2007) and LAURENT et al. (2001), iNOS expression was 
associated to hemorrhagic enteritis after infection. The presence of significant serum NO was 
associated with the reduction of faecal oocyst numbers (ALLEN 1999). In vitro replication of E. 
tenella was inhibited by macrophages previously exposed to NOS stimulation (DIMIER-POISSON 
et al. 1999). Altogether, macrophages are key immunocytes of the host innate immune response and 
produce cytokines to control E. tenella replication/reproduction thus reducing pathologic severity of 
the disease in chicken. 
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Macrophages were activated and elicited various chemokines and cytokines after infection of 
previously naïve chicken (LILLEHOJ 1998). In Eimeria infection, many cytokines are not only 
involved in mediating Th1-type responses during the early stage of infection but also some Th2 
response. IL-1 expression by macrophages was observed following in vitro infection (BYRNES et al. 
1993). Chicken macrophages were main sources of production of TNF-like factor during coccidial 
infection (ZHANG et al. 1995a). Cytokines such as IL-1β, IL-6 and IL18 were upregulated after 
Eimeria infection. In addition, chemokine ligands (CCL) and chemokine family members such as 
CCLil, CCLi3 and CCLi7, were induced by infection (DALLOUL et al. 2007). A range of 
chemokines and cytokines were produced differently following primary and secondary infection with 
Eimeria (LILLEHOJ et al. 2003). ZHANG et al. (1995a) reported that expression of TNLF was 
observed in peripheral blood macrophages after primary, but not secondary infection by E. tenella. 
Several studies have been conducted to understand the interaction between E. tenella infection and 
the chicken immune response. However, the roles of parasite co-working with other pathogens such 
as T. gondii in mediating chicken innate immune responses by macrophages remain yet to be 
understood.  
1.2.4 Co-infection 
1.2.4.1 Natural and experimental co-infection with parasites 
Concomitant infections between protozoan parasites and other pathogens, parasitic or other, are 
common in natural infections in animals and humans. For example, natural co-infections with 
Plasmodium species (malaria) and different helminths are often seen in humans (BROOKER et al. 
2007; FELGER et al. 1999). A case report on a 6-week-old dog described the concurrent presence of 
six different parasite species including tick-borne and intestinal parasites (GAL et al. 2007). In 
chickens, there were descriptions of concurrent natural infections with Cryptosporidium species and 
a variety of chicken viruses, including reovirus (RITTER et al. 1986), Marek‟s disease virus 
(FLETCHER et al. 1975) and chicken anaemia virus (DOBOS‐KOVÁCS et al. 1994). 
Co-occurrence of T. gondii and Eimeria. spp in the same hosts has been also reported previously. For 
example, MANWELL et al. (1945) found that sparrows were suffering from heavy infections (blood 
and organs) by T. gondii and Eimeria. spp. A seroprevalence report on wild rabbits in Scotland 
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showed co-infection with T. gondii and Eimeria stiedai (MASON et al. 2015). 
Although most parasitological studies focus on the features of single parasite species and host-single 
parasite interactions, host-parasite interaction in mixed infections as well as parasite interaction with 
other pathogens is more and more considered important to explain pathogenesis, disease outcome 
and to design procedures for pathogen management (TELFER et al. 2008). For instance, some 
protozoa can cause severe disease or even lethal outcomes in patients or animals immunosuppressed 
due to the presence of other infectious agents. BROOKER et al. (2007) reported that co-infections 
with malaria and hookworms gave rise to higher human anemia burden in Africa. Chickens 
co-infected with Cryptosporidium and reovirus appeared more depressed and excreted higher 
numbers of both agents (GUY et al. 1988).  
Moreover, cross-effective immune response occurs between pathogens with antigenically 
homologous genes or polarized immune response, leading to modification of the host immune 
protection. YOELI et al. (1955) and JAHIEL et al. (1968) investigated that virus-induced IFN-α 
might have a protective effect in humans against malaria parasites. NIIKURA et al. (2008) 
demonstrated that infections with nonlethal Plasmodium species suppressed weight loss and the 
severity of disease caused by parasitemia of highly pathogenic species and reduced liver injury. On 
the other hand, inappropriate regulation of phagocytosis and proinflammatory cytokine production 
were found in macrophages due to HIV infection may impair control of malaria in humans 
(LUDLOW et al. 2012).  
Parasites may also directly interact with pathogens which infect the same site within a host leading to 
antagonistic interplay or co-localization. FRONTERA et al. (2005) reported an experimental 
co-infection with the intestinal worm Ascaris suum and the lungworm Metastrongylus apri in pigs, 
and suggested competition between these two parasites. 
1.2.4.2 Co-infection studies on T. gondii 
Parasite reproduction as well as host morbidity and clinical aspects during toxoplasmosis can be 
affected by co-infections with other parasites. Host immune responses are altered during co-infection 
by T. gondii and other parasites, including Schistosoma mansoni and E. acervulina (ARAUJO et al. 
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2001; HIOB et al. 2017). GUERRERO et al. (1997) reported previously that T. gondii multiplication 
was enhanced during co-infection with Trypanosoma lewisi in white rats. In contrast, T. gondii is 
capable to support the replication of malaria parasites in rats (RIFAAT et al. 1984). Mutual 
influences occur not only with Th1 response stimulating protozoa, but also with helminths that 
generally induce a Th2 response. MARSHALL et al. (1999) proved that mice displayed more weight 
loss and mortality during dual infection by T. gondii and the blood fluke S. mansoni. Furthermore, 
ARAUJO et al. (2001) observed that liver acutely inflamed due to T. gondii was associated with high 
levels of pro-inflammatory cytokines such as TNF-α and IL-12 in co-infection with S. mansoni. 
Investigations into T. gondii co-infections with intracellular pathogens showed it co-existed with 
Leishmania infantum in the same single host cell (CHRISTODOULOU et al. 2011). However, T. 
gondii dominated over bacterial Chlamydiae in dually infected cells (ROMANO et al. 2013).  
1.2.4.3 Co-infection studies on Eimeria. spp 
Mutual interaction with other microbes has also been studied for Eimeria species. Both mortality and 
severity of lesions increased in experimentally E. tenella and Clostridium perfringens co-infected 
chicken embryos compared to mono-infected embryos (ALNASSAN et al. 2013). Lactobacillus 
species isolates have been shown to significantly inhibit E. tenella in vitro invasion in MDBK cells 
(TIERNEY et al. 2004). In mixed Eimeria species infections, it seems that each Eimeria species can 
co-localize well with others in the gut of chickens (CORNELISSEN et al. 2009). Although host 
immune response is altered during the mixed infection of different Eimeria spp., individual Eimeria 
species-specific intestinal lesions showed no obvious difference compared to single species 
infections (CORNELISSEN et al. 2009). In particular, there is no competitive effect in mixed 
Eimeria species infections. However, JENKINS et al. (2008) demonstrated that clinical signs of 
coccidiosis caused by E. maxima were reduced in chickens also infected with E. praecox, but oocyst 
excretion was not affected for both parasites. They also reported that E. praecox did not appear to 
induce protective immunity against E. maxima during co-infection (JENKINS et al. 2009).
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2 Overview of own scientific work 
2.1 Aims 
Complex interactions between parasites and host may arise during co-infection with two pathogens 
such that the burden of one or both of the infectious agents may be increased, one or both may be 
suppressed, or one may be increased and the other suppressed. In vitro cell culture of protozoa in 
chicken primary macrophages allows simultaneous as well as sequential infection of the same host 
cell culture by parasites, in this case T. gondii and E. tenella. The following hypotheses summarize 
the aim of this work: 
1. Chicken primary monocyte derived macrophages are suitable as a tool for in vitro co-infection 
with both T. gondii tachyzoites and E. tenella sporozoites.  
In order to test and visualize the parasite development of T. gondii tachyzoites and E. tenella 
sporozoites, a model is required to cover the intended period of co-infection by both parasite species. 
Therefore, parasite infection doses were optimized for establishing a 3-day infection cultivation of 
chicken macrophages, a period supposed to be suitable to keep primary macrophages alive and 
functional. Virulent parasites such as T. gondii RH strain and E. tenella Houghton strain were used to 
infect chicken macrophage cultures. To evaluate parasite growth and cell morphology alteration 
conventional light microscopy and confocal laser scanning microscopy (CLSM) were applied 
(Publications 1, 2, 5 and Manuscript 3, 4). In addition, parasite growth and relation between parasites 
and phagocytic cells during mono- or co-infection were observed within 24 hours post infection 
(Manuscript 3).  
2. Parasite development of both T. gondii and E. tenella is mutually modulated in co-infected cell 
cultures.  
In order to understand potential interactions between both taxonomically related parasites during 
simultaneous or sequential co-infection, assessment of T. gondii and E. tenella replication was 
performed in comparison to mono-infections with either parasite. Long-term infection was carried 
out to evaluate the capacity of parasite reproduction over 72 hours in chicken primary monocyte 
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derived macrophages by quantitative real time PCR (qPCR) (Publication 2). Likewise, quantities of 
intracellular parasites were estimated during the simultaneous or sequential (E. tenella followed by T. 
gondii infection) co-infection to evaluate the extent of parasite invasion and phagocytosis by 
macrophages at the early phase of infection (24 hours) under the variable co-infection conditions 
(Manuscript 3 and 4).  
3. Phagocytosis capacity and regulation of cytokines by chicken primary macrophages are altered 
by T. gondii and E. tenella co-infections.  
In order to understand potential host cell reaction during simultaneous co-infection with T. gondii 
and E. tenella compared to mono-infections, innate immunity and phagocytosis capacity of chicken 
primary monocyte derived macrophages were evaluated. Key cytokines were selected and their 
expression was quantified by qPCR to understand macrophage innate response to both parasites 
(Publication 2). To study host cell phagocytosis, macrophages were activated by specific 
pH-sensitive fluorescent bioparticles before or after infection and their capacity to engulf bioparticles 
was visualized by CLSM over 24 hours (Manuscript 3).  
4. Invasion/phagocytosis patterns of T. gondii in macrophage cultures are affected by co-infection 
with E. tenella in the early phase of parasite invasion. 
In order to understand the dynamic interaction between host cells and parasites, fluorescent T. gondii 
RH-GFP tachyzoites were monitored in E. tenella co-infected and T. gondii mono-infected cell 
cultures over 6 hours by CLSM. Parasite tracking was performed for T. gondii to assess the mobility 
of tachyzoites before and after host cell invasion. The survival of T. gondii was also recorded by a 
dye staining of dead cells and parasites during the cultivation (Manuscript 4).
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Abstract 
Background: Toxoplasma (T.) gondii and Eimeria (E.) tenella are two common parasites in poultry. 
Mixed infections are likely to occur frequently in chickens due to the high prevalence of both 
pathogens. In this study, we investigated the co-occurrence of the two pathogens in the same 
immune-competent host cell population towards potential parasite-parasite interactions as well as 
altered patterns of parasite-host interactions.  
Results: Primary macrophages from chicken whole blood were co-infected with T. gondii RH strain 
tachyzoites and E. tenella Houghton strain sporozoites in vitro for 24 hours. Through monitoring the 
uptake of pH-sensitive pHrodo™ Zymosan BioParticles („Zymosan‟) by macrophages, we were able 
to create a three dimensional model and to analyze quantitatively phagocytosis using confocal laser 
scanning microscopy. Assessments of parasite populations by qPCR were performed at 2, 6, 12 and 
24 h post infection (hpi). At 6 hpi, phagocytosis was inhibited in the E. tenella infected cultures 
while no inhibition of phagocytosis was observed due to T. gondii. T. gondii was capable of 
replication in cells engulfing „Zymosan‟ after activation. Macrophage phagocytosis activity revealed 
more complex interactions during co-infection. At 12 and 24 hpi, phagocytosis response to „Zymosan‟ 
was distinctly weaker in co-infected cells than in all other groups except for cells monoinfected with 
high doses of E. tenella at 24 hpi. By qPCR, significantly reduced numbers of both intracellular 
parasites were recorded (10-fold) in all infected groups at 2 hpi. At 12 hpi, the T. gondii population 
reached lowest values but dramatically increased by 24 hpi.   
Conclusions: Replication of both parasites increased during co-infection. Our data confirm that 
macrophage phagocytosis is involved in the control of invasion by apicomplexan parasites in chicken 
which particularly applies to E. tenella infection and it was able to be altered by the co-existing 
parasites.  
 
Keywords: Apicomplexa, co-infection, chicken macrophages 
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Background 
Toxoplasma (T.) gondii and Eimeria (E.) tenella are two ubiquitous intracellular parasites in poultry 
and are both representatives of parasitic coccidia. T. gondii infection is often asymptomatic and 
reported in almost all the warm-blood animals (HARKER, et al. 2015). Chicken are considered as 
resistant host with high seroprevalence of T. gondii worldwide (DUBEY. 2010). In contrast, E. 
tenella is one of the most pathogenic protozoan parasites in chicken and may cause severe enteric 
diseases and lethality. Even sub-clinical enteric coccidiosis reduces economic productivity in 
chickens (DALLOUL and LILLEHOJ. 2006).  
Chicken macrophages play an important role as part of the first barrier of the innate immune 
response against T. gondii and E. tenella (UNNO, et al. 2008; HÉRIVEAU, et al. 2000; 
BUMSTEAD and MILLARD. 1987; DALLOUL and LILLEHOJ. 2006). Macrophages mainly 
contribute to the clearance and destruction of both intracellular and extracellular pathogens through 
phagocytosis (DALLOUL, et al. 2007). However, T. gondii can survive by forming a specialized 
parasitophorous vacuole (PV) in phagocytes such as macrophages (SIBLEY. 1995). There is 
evidence that protozoan parasites residing within human or murine macrophages block 
phagosome-endosome fusion by Leishmania or phagosome acidification by Toxoplasma 
(DESJARDINS and DESCOTEAUX. 1997; GOREN. 1977). Additionally, T. gondii within the PV 
block lipopolysaccharide (LPS)-triggered IL-12 and TNF-α during macrophage phagocytosis 
(BUTCHER and DENKERS. 2002). Regarding Eimeria, a previous study into E. bovis infection in 
bovine calves indicates significant macrophage infiltration of the intestinal mucosa (TAUBERT, et al. 
2009). In chickens, it was shown that the engulfment of sporozoites by macrophages occurred few 
hours after infection and sporozoites were more often located within or next to macrophages in 
previously naïve than in E. tenella immune chickens (CHALLEY and BURNS. 1959; VERVELDE, 
et al. 1996; COX. 2001). Chicken macrophages isolated from peritoneal exudates were shown to 
engulf E. tenella sporozoites at 2-3 hours post infection (hpi) (LONG and ROSE. 1976). 
Sporozoite-bearing macrophages have been reported to possibly transport Eimeria spp. sporozoites 
to other host cells (TROUT and LILLEHOI. 1993; CHALLEY and BURNS. 1959; VAN 
DOORNINCK and BECKER. 1957).    
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Several published studies investigated interaction of cells involved in innate immunity and T. gondii 
or Eimeria spp. during mono-infection, few have referred to mutual host-parasite or parasite-parasite 
interaction with these two coccidian in co-infection models (HIOB, et al. 2017). In fact, mixed 
infections appear to occur frequently in chickens as seroprevalence of T. gondii and Eimeria spp. is 
high, especially in free-ranging chickens (LEHMANN, et al. 2006; DEYAB and HASSANEIN. 2005; 
AL-GAWAD, et al. 2012). A recent case has reported in Scotland showed co-infection of T. gondii 
and Eimeria stiedae in a wild rabbit (MASON, et al. 2015). Field studies on co-infections in 
chickens are currently lacking, however, an experimental in vivo study points at putative interaction 
of T. gondii and E. tenella during co-infection (HIOB, et al. 2017).  
In our recent in vitro study into co-infection of chicken macrophages with T. gondii and E. tenella, 
destruction of parasites mainly occurred before 24 hpi (ZHANG, et al. 2018). E. tenella displayed a 
tendency to increase replication during co-infection with T. gondii at 72 hpi in chicken primary 
macrophage cultures. Besides, at 2 hpi more intracellular sporozoites of E. tenella than T. gondii 
tachyzoites – if by phagocytosis or invasion – were detected (ZHANG, et al. 2018). The current 
study aims at enhancing our understanding in host-pathogen and pathogen-pathogen interaction in 
co-infected chicken primary macrophage cultures. By generating a 3D model, we studied the 
capacity of macrophage phagocytosis in co-infected and mono-infected cultures. In addition, the 
invasion and reproduction of both E. tenella and T. gondii which are likely related to phagocytosis 
were investigated in the early phase of in vitro infection.  
Results 
Phagocytosis in uninfected chicken primary macrophages  
NC phagocytosis was evaluated at time points corresponding to hpi of the infected cultures that were 
kept in parallel (Fig 1). Thus hpi is also used to describe the effects observed in NC although these 
cells were not infected. During the 2 h of exposure to „Zymosan‟, no detectable changes in 
morphology or signs of apoptosis were found by light microscopy (data not shown). At 2 hpi, more 
than 70 % of DAPI positive macrophages incorporated „Zymosan‟ (Table 1). In contrast, LPS 
exposure at the beginning of the experiment resulted in a clearly lower proportion of activated cells 
Overview of own scientific work: Publication 3 
38 
 
to 53.7 ± 2.8 % of DAPI positive macrophages. In group NC, 57.6 ± 2.0 % of cells were phagocytic 
until 6 hpi, and 56.9 ±2.5 % cells were revealed „Zymosan‟ positive at 12 hpi. At 24 hpi, 
phagocytosis percentage decreased to the lowest observed value with 36.6 ± 1.2% (Table 1).  
 
Fig 1 Phagocytosis activity of primary chicken macrophages at 2, 6, 12 and 24 hpi. Phagocytosis was 
determined after 2 h exposure to „Zymosan‟ by cell imaging with. Staining: DAPI (cell nuclei, 
NucBlue™ Live ReadyProbes™ blue); pHrodo („Zymosan‟ bioparticles, red).  Confocal laser 
scanning microscopy (CLSM), 200x magnifications; 3D model generated by Imaris
® 
Table 2 Phagocyotosis of primary chicken macrophages was evaluated using pHrodo™ red Zymosan 
BioParticles  
 
Further cultivation time point 
a
% of Phagocytic Macrophages 
Mean SD
b
 
2 hr 71.96 4.83 
6 hr 57.64 2.02 
12 hr 56.86 2.49 
Overview of own scientific work: Publication 3 
39 
 
24 hr 36.57 1.08 
c
LPS stimulation at 0 hr 53.65 2.83 
 
a% of Phagocytic Macrophages= 100 x (total granulocytes ‟Zymosan‟/ total macrophage nuclei blue); 
Total macrophages with or without „Zyomsan‟ were calculated by Imaris® Software. 
b
SD: standard deviation  
c
LPS: Lipopolysaccharide, 1µg/ml, 1 hr activation, n = 3 
Phagocytosis in infected macrophage cultures 
Cell cultures were finally infected 4 days after onset of cultivation as listed in Table 2. At 2 hpi, all 
infected groups showed initial inhibition of phagocytosis, however, on variable levels (Fig 2a and 
Additional file 1). Inhibition was most pronounced in groups TH and EH, being significantly higher 
than in group CI (p<0.005). No additive effect was seen in phagocytosis inhibition by co-infection as 
compared to groups TL and EL that were mono-infected with the same dose of the respective 
parasite as used for co-infection of group CI.  
Table 1 Infection groups 
Infection Group TH Group TL Group CI Group EH Group EL 
Toxoplasma gondii 
tachyzoites 
5 x 10
5
 2.5 x 10
5
 2.5 x 10
5
 - - 
Eimeria tenella 
sporozoites 
- - 2.5 x 10
5
 5 x 10
5
 2.5 x 10
5
 
Over the following investigation period patterns of inhibition varied. 
At 6 hpi, E. tenella infection inhibited macrophage phagocytosis in group EH and, less distinctly, in 
group EL, whereas T. gondii showed no inhibitory effect in groups TH and TL (Fig 2b). Likewise, no 
phagocytosis inhibition was observed in group CI. Compared to group CI, both groups EH and EL 
displayed significantly higher inhibition values (p < 0.005 and p < 0.05, respectively).  
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At 12 hpi, Zymosan-induced activation of phagocytosis was similar to group NC in all four 
mono-infected groups (TH, TL, EH, EL). In contrast, group CI featured a remarkably reduced 
response to stimulation of phagocytosis, and inhibition values were significantly higher than in all 
other infection groups (p < 0.005 in comparison to TL, EH and EL and p < 0.05 in comparison to TH) 
(Fig 2c).  
At 24 hpi, group CI remained at a high inhibition level although values were significantly lower than 
in group EH (p < 0.005) (Fig 2d). In contrast, groups TH and EL did not display reduced 
phagocytosis, and consequently inhibition values were negative and significantly lower than in group 
CI (p < 0.005 compared to TH and p < 0.05 compared to EL). Group TL showed only slight 
inhibition, although a statistical effect was seen in comparison to group CI (p < 0.05). Strikingly, 
highest phagocytosis inhibition values were observed in group EH, and the respective values were 
significantly higher than in group CI (p < 0.005) 
 
Fig 2 Relative inhibition of „Zymosan‟ engulfment in chicken macrophages by mono- and 
co-infection until 24 hpi. Values represent mean values and standard deviation in relation to 
phagocytosis in group NC (uninfected, n = 6). (a) Relative inhibition at 2 hpi. (b) Relative inhibition 
at 6 hpi. (c) Relative inhibition at 12 hpi. (d) Relative inhibition at 24hpi. Asterisks (*p < 0.05, **p< 
0.005) indicate a significant difference between groups (Mann Whitney U test; denomination of 
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groups: see Table 2) 
CLSM  
E. tenella meronts and replicating T. gondii tachyzoites were visible in all infected macrophage 
cultures at 12 hpi (Fig 3A). However, fewer intracellular E. tenella sporozoites or first generation of 
E. tenella meronts were observed than intracellular T. gondii in the respective cultures. „Zymosan‟ 
positive cell was not visualized inside any co-infected cells of group CI. 
 
Fig. 3 Cell imaging at 12 hpi and assessment of parasite reproduction during infection until 24 hpi.  
(A) Cell imaging of parasite replication by CLSM at 12 hpi. DAPI: cell nuclei stained blue); pHrodo 
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(Zymosan bioparticles) stain red; T. gondii (tachyzoites, GFP, green); E. tenella (sporozoites and 
meronts, YFP, yellow). (B) Quantities of intracellular parasite estimated by qPCR. T. gondii 
tachyzoites are represented as total DNA copies/well and E. tenella (all stages) as DNA copies/µL. # 
represented DNA quantities of initial infection doses. (C) Relative parasite numbers (RPN) of T. 
gondii and E. tenella compared to the initial infection doses. RPN were calculated as mean value of 
parasite DNA copies with standard deviation (n=3 or 4). * p < 0.05 is considered a statistically 
significant difference between marked infected groups (based on Mann Whitney U test; 
denomination of groups: see Table 2).  
Parasite replication 
T. gondii  
Following a rapid initial decrease, low T. gondii DNA copy numbers were observed in groups TH, 
TL, and CI until 12 hpi. However, the quantity of T. gondii DNA distinctly increased thereafter by 24 
hpi. Interestingly, at the end of the experimental period group CI reached almost the level of the high 
dose mono-infected group (TH) although the infection dose applied was similar to group TL which 
obviously remained on a lower level of reproduction (Fig. 3B).  Relative parasite numbers (RPN) 
amounted to about 5 % in group TH and 10 % in group TL at 2 hpi (Fig 3C). At this time, lowest 
RPN (3.6 ± 0.1 %) were observed in group CI, which were significantly lower as compared to group 
TL (p < 0.05). At 6 hpi, an increase in RPN was observed for group TH (22.9 ± 2.2%), followed by a 
transient decline at 12 hpi (1.1 ± 0.4%) and finally a steep increase at 24 hpi (65.3 ± 9.8%). In group 
TL, a similar trend was observed with comparatively low RPN values until 6 hpi (9.3 ± 4.4 %) and 
even a further reduction at 12 hpi (2.1 ± 1.4 %), followed by a very distinct increase at 24 hpi (56.4 ± 
21.0 %). 
In group CI, low RPN levels comparable to those recorded for the mono-infected groups TH and TL 
were observed with lowest values at 12 hpi (1.7 ± 0.1%). However, at 24 hpi, RPN values of group 
CI (100.1 ± 13.1 %) clearly exceeded those of both mono-infected groups (p < 0.05). Based on the 
same initial T. gondii infection dose replication was almost twice as high in the co-infected group as 
in the mono-infected group TL at the termination of the experiment. 
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E. tenella 
The quantity of intracellular E. tenella stages (sporozoites or first generation meronts) was reduced 
as compared to the initial dose at 2 hpi and remained low until the end of the experiment irrespective 
of the applied mono-infection dose (EL, EH) or co-infection (CI; Fig 3B) without any significant 
group effects.  
Consequently, RPN values were low at 2 hpi with only 13.9 ± 3.6 % in group EL and 17.0 ± 2.5 % in 
group EH (Fig 3C). In both mono-infected groups RPN levels further decreased until 6 hpi (group 
EL: 6.7 ± 3.6 %; group EH: 6.7 ± 1.1 %). Until 12 hpi, RPN moderately increased in these two 
groups indicating moderately increased reproduction (group EL: 10.4 ± 3.8%; group EH: 14.0 ± 
4.4%). This trend continued until 24 hpi in group EH (18.9 ± 4.3 %) whereas RPN values had 
decreased in group EL by then (4.2 ± 2.3%).  
Initially group CI displayed similar RPN (16.0 ± 8.4 %) as the mono-infected groups. However, a 
very distinct peak of RPN values (25.3 ± 6.6 %) was noted in group CI at 6 hpi (p < 0.05). At 12 hpi 
and 24 hpi RPN of CI cultures were rather similar to those of the EH group (15.3 ± 3.1% and 17.0 ± 
4.8 % at 12 hpi and 24 hpi, respectively) and, at 24 hpi, RPN of group CI, infected with the same E. 
tenella dose as cultures of group EL,  were 4-fold higher than in the EL group.   
Discussion 
Macrophages are professional phagocytes and highly efficient at internalizing particles (ADEREM 
and UNDERHILL. 1999). Flow cytometry and pH-sensitive fluorescent particles have been broadly 
used to visualize and quantify phagocytosis by macrophage cell lines (PÉREZ-FLORES, et al. 2016) 
or non-adherent phagocytic cells (NEAGA, et al. 2013; GORDON, et al. 2017). However, a recent 
study (KAPELLOS, et al. 2016) indicated that primary macrophages showed higher sensitivity to 
external stimulation and could suffer more from stress than other cells during fluorescent staining or 
running on a flow cytometer. We made similar observations working with chicken primary 
macrophages (data not shown). Most phagocytosis assays were carried out in mammalian 
macrophages, so far. However, direct comparison of data from mammalian macrophage cultures to 
our study is of limited value because the avian immune system features complex differences to the 
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mammalian immune system, i.e. avian macrophages interact differently with pathogens (ERF. 2004). 
Only two recent reports were found on the investigation of phagocytosis in a chicken macrophage 
cell line (HD11 cells) (GARRIDO, et al. 2018; LEE, et al. 2018), but no studies in primary chicken 
macrophages have been published previously to the best of our knowledge.  
In our experiments, we firstly investigated the capacity of cultured chicken primary macrophages to 
engulf „Zymosan‟ at four observation periods up to 24 hpi. Macrophage showed great adaptation 
without observed apoptosis after applying „Zymosan‟ following the manufacturer‟s instructions. 
Initial engulfment was efficient with on average 72 % of macrophages displaying phagocytosis at 2 
hpi. However, macrophage activity decreased to 36.6 % until the end of the study period. This 
finding indicates that primary macrophage phagocytosis is generally declining over time. Compared 
to a recent study of Garrido et al. (GARRIDO, et al. 2018), showing that about 25% of HD 11 cells 
retain phagocytic activity induced by pH-sensitive bioparticles after 16 h mock treatment, our 
observed phagocytosis percentages are in a good range over the whole chosen study period.  
The cell density of murine bone marrow-derived macrophages (BMDMs) and the duration of 
activation played a crucial role in uptake of fluorescent particles (KAPELLOS, et al. 2016). 
Therefore, for longer-term phagocytosis investigations in primary avian macrophages, optimization 
of cultivation and assay conditions may be crucial to improve phagocytosis capacity over a longer 
period of time. In our study, LPS polarization led to a reduction of the phagocytic macrophage 
activity by about 20%. This is in line with the findings in murine BMDMs, where it is assumed that 
cytokine expression changes can modulate their ability to engulf fluorescent particles (KAPELLOS, 
et al. 2016). Altogether, the model described here appears to be a suitable model to perform 
investigations into T. gondii and E. tenella infections including co-infection in chicken macrophages. 
Pathogen-pathogen interaction is more and more recognized as an important factor in pathogenesis 
and disease outcome. For parasites, in vivo studies into enhanced interactions of pathogens 
co-existing in a host and evidence of competition were shown (CLARK, et al. 2016; ONAGA, et al. 
1983; HIOB, et al. 2017). Regarding coccidia, clinical disease caused by E. maxima is ameliorated 
by concurrent  E. praecox infections in chickens (JENKINS, et al. 2008). Eimeria replication in 
terms of oocyst excretion numbers does not seem to be influenced by co-infections with other 
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Eimeria species in most in vivo studies (CORNELISSEN, et al. 2009). However, a study into 
experimental E. tenella infections showed significantly lower oocyst excretion in a group co-infected 
with T. gondii than in an Eimeria mono-infected group (HIOB, et al. 2017).  
In contrast, our previous long term in vitro study revealed that both T. gondii and E. tenella were 
multiplying more effectively in co-infected cultures than in mono-infected cultures over a period of 
72 hpi (ZHANG, et al. 2018). Looking into the related impact on macrophage function as a crucial 
aspect of the innate immune response, we have identified phagocytosis, which is the major activity 
of chicken macrophages during pathogen exposure, to be severely impacted by T. gondii and E. 
tenella co-infections.  
With regard to the mode of invasion, it has been demonstrated that a proportion of T. gondii may 
invade host cells actively while avoiding an efficient phagocytic response through formation of a 
parasitophorous vacuole (MORISAKI, et al. 1995; BUTCHER and DENKERS. 2002). For E. bovis, 
active invasion is negligible in bovine primary macrophages (TAUBERT, et al. 2009). For both T. 
gondii and E. tenella, phagocytosis by the host cell was identified earlier as the major route of 
pathogen entry (GOREN. 1977; ROSE and LEE. 1977a).  
In our phagocytosis assay, all T. gondii or E. tenella mono-infected groups showed inhibition of 
„Zymosan‟ engulfment at 2 hpi. Inhibition of phagocytosis in the high-dose infected groups (TH, EH) 
was more obvious than in low-dose infection groups (TL, EL). This is in line with a dose-dependent 
parasite replication (RPN) as observed for both parasites. Interestingly, co-infected macrophage 
cultures exhibited a significantly lower level of phagocytosis inhibition than seen in all 
mono-infection groups. Intracellular parasite quantification demonstrated that more than double T. 
gondii copies were detected in group TL whereas slightly lower E. tenella copy numbers were found 
in group EL compared with group CI, which shows that parasite replication is affected differently for 
T. gondii and E. tenella during co-infection. While E. tenella displays a higher initial incorporation 
rate upon co-infection, T. gondii appears to feature an impaired invasion rate. According to our recent 
light microscopical study (ZHANG, et al. 2018) and live cell imaging results (unpublished yet), most 
E. tenella sporozoites were capable at 2 hpi to enter macrophages while most T. gondii tachyzoites 
„prefer‟ to adhere to the surface of a macrophage or stay free in the cell culture medium. One 
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previous in vitro study likewise reported the capacity of chicken macrophages to engulf E. tenella 
sporozoites at 2-3 hpi  (LONG and ROSE. 1976). Another study showed that a high proportion of 
live T. gondii stayed loosely adherent to host cells without invading and inducing phagocytosis 
(MORISAKI, et al. 1995). On the other hand, a previous study showed that most T. gondii 
tachyzoites remained adherent to murine macrophages followed by phagocytic inhibition treatment 
(RYNING and REMINGTON. 1978). We speculate that the initially reduced T. gondii RPN in group 
CI compared to mono-infection groups may be that T. gondii endocytosis by macrophages was 
blocked on the host-cell side by phagocytosis-inhibited macrophages previously entered by E. tenella. 
However, further evidences need to support it by investigating the signal pathway interactions. 
Entry of both T. gondii and E. tenella increased whereas no inhibition was seen on phagocytic 
capacity of macrophages in co-infection at 6 hpi. Interestingly, co-infection showed distinctly lower 
phagocytic inhibition but higher RPN of E. tenella than E. tenella mono-infection group. Meanwhile, 
phagocytic inhibition by mono-infection of both parasites likely revealed biphasic at 6 and 12 hpi in 
our study. Specifically, inhibition appeared mostly in the E. tenella infection. Due to lack of 
comparable research, we assumed that significant engulfment of E. tenella was associated possibly to 
the low phagocytosis-inhibited macrophages modulating by T. gondii infection.  
Combining to our data of quantification and visualization, it appears that a small number of both 
parasites retained their capability to evade from macrophage phagocytosis and developed 
successfully while most were eliminated at 12 hpi. Similar results were seen before in mono-infected 
chicken primary macrophage cultures with the lowest parasite DNA copies of T. gondii at the same 
point. (MALKWITZ, et al. 2017). T. gondii and E. tenella stages were occasionally identified within 
the same individual macrophages, which is in line with findings from our previous study (ZHANG, 
et al. 2018). E. tenella exhibited higher initial infection efficiency than T. gondii as inferred from 
RPN at 12 hpi in relation to the applied infection dose. However, CLSM suggests that most of E. 
tenella-YFP failed to show fluorescence and little intracellular sporozoites or meronts were 
visualized during Eimeria-infection. The co-infected cell cultures showed distinctly lower activation 
by „Zymosan‟ than mono-infected cultures at 12 hpi. Interestingly, phagocytic activity as measured 
by „Zymosan‟ incorporation into macrophages was initially inhibited stronger in both groups EH and 
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TH than in the co-infected group CI which was exposed to both parasites at half the infection dose. 
This effect reversed at 12 hpi indicating that co-infection leads to more complex effects on a host 
culture than a mono-infection. Similar to the LPS polarization which was described earlier, 
co-infection likely triggered immune pathways in the cultures, and stronger so than mono-infections 
did. A previous study revealed increased expression of nitric oxide synthase (iNOS), IL-1β and 
decreased IL-10 occurred in chicken HTC macrophage infected with E. tenella merozoites at 12 hpi 
compared to 6 hpi (CHOW, et al. 2011). However, our recent study showed that T. gondii and E. 
tenella co-infection increased mRNA expression for both Th1- and Th2-related cytokines markedly, 
including Th2-related IL-10 (ZHANG, et al. 2018). It is well known that IL-10 inhibits nitric oxide 
formation in activated macrophages (HUANG, et al. 2002). Thus we deduce that weakening the 
phagocytic activity of the macrophage cultures may be associated to the alteration of innate immune 
response in co-infection, which needs to be further discussed. 
Relative phagocytosis inhibition values at the end of our study period (24 hpi) were strongly 
increased in groups EH and CI, while TH cultures displayed significantly higher phagocytosis 
activity than uninfected cultures. Seemingly, E. tenella appears to be mainly responsible for the 
reduced macrophage phagocytosis that was observed in group CI. Both studied apicomplexan 
parasites have similar ways of host cell invasion and intracellular replication. Nevertheless, they 
exhibit different effects on chicken macrophage function related to innate immunity. It may be 
hypothesized from our data that parasite stage and replication as well as parasite adaption to its host 
may be involved in the observed infection related group differences. Follow-up studies including in 
vivo studies or immune intervention will be needed to investigate the underlying mechanism of 
phagocytosis inhibition (E. tenella and co-infections) or enhancement (T. gondii infections towards 
the end of the study). 
Conclusion 
This in vitro infection model of primary avian macrophages can provide an efficient and accurate 
way to further investigate mechanisms of host-parasite and parasite-parasite interaction during 
co-infections with pathogens such as monoxenous and heteroxenous coccidia. The current findings 
contribute to our understanding of macrophage modulation by intracellular parasites and 
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functionality at the early stage of infection with T. gondii and/or E. tenella.  
Methods 
Chicken primary macrophage isolation and culture 
Chicken peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole blood of 
adult chickens, based on the established protocols kindly provided by Dr. Braukmann, 
Friedrich-Loeffler-Institute Jena, Germany. The animal experiments related to the blood sampling 
were approved by the responsible authorities (Landesdirektion Sachsen, Germany, trial registration 
number V13/10). 2 mL blood was mixed gently with 2 mL phosphate-buffered saline (PBS) 
containing 1 mg/mL gentamicin (Life technologies, Darmstadt, Germany). 2 mL Biocoll® separating 
solution (density 1,077 g/ml; Biochrom AG, Berlin, Germany) was used to separate the PBMCs by 
centrifugation at 250 x g for 45 min. Afterwards, the isolated PBMC were washed with 5 mL PBS 
once, followed by centrifugation at 350 x g for 30 min. The resulting pellet was washed and 
centrifuged (350 x g, 20 min) once with 5 mL pre-warmed, 41 °C, RPMI-1640 medium (Sigma, 
Taufkirchen, Germany). Subsequently, 5 x 10
6
 PBMC/well were resuspended in RPMI with 5% 
chicken serum and 5% fetal bovine serum, penicillin (100 U/mL, PAA), streptomycin (0.1 mg/mL, 
PAA), and amphotericin B (0.0025 mg/mL, PAA), and incubated in 24-well plates for 96 h (41 °C, 5 % 
CO2). The macrophages were purified by rinsing off non-adherent cells twice in PBS at 2 h and 24 h 
after seeding, and directly before infection.  
Parasites 
Genetically modified T. gondii RH-GFP tachyzoites (type I strain, kindly provided by Professor 
Dominique Soldati-Favre, University of Geneva Medical School, Switzerland) were harvested from 
infected human foreskin fibroblast (HFF) cultures. E. tenella Houghton-YFP strain (kindly provided 
by Professor Xun Suo, China Agricultural University, China) sporozoites were gained following an 
established protocol (THABET, et al. 2017) with slight improvement. Briefly, sporocysts were 
collected by mechanical destruction of the oocyst wall with 0.5 mm glass beads (BioSpec Products, 
Bartlesville, OK, USA). Sporocysts were incubated in 0.25% trypsin (w/v) (Carl Roth, Karlsruhe, 
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Germany) and 4% sodium taurocholic acid (w/v) (Sigma-Aldrich, Taufkirchen, Germany) at 41 °C 
for 90 min for excystation. Then, sterile pluriStrainer® 5 µm (pluriSelect Life science, Leipzig, 
Germany) was used to purify excysted sporozoites with 1% glucose in PBS at pH 7.4 (follow buffer).  
Infection 
Cell cultures were divided into six groups (n = 6 cultures per group) and infections were performed 
as previously described (ZHANG, et al. 2018). Briefly, infection groups were performed with a 
multiplicity of infection (MOI) of certain parasites per cell (Table 1): Group NC consisted of 
uninfected negative control PBMC cultures that were seeded 4 days before the start of the 
experiment. Infection groups were conducted as follows: Groups TH (MOI of 4 T. gondii 
tachyozites), TL (MOI of 2 T. gondii tachyozites), EH (MOI of 4 E. tenella sporozoites), EL (MOI of 
2 E. tenella sporozoites), and CI (MOI of 2 T. gondii tachyozites and 2 E. tenella sporozoites). 
Groups were observed over a period of 24 h. 
Phagocytosis assay  
24-well plates for cell imaging (Bottom thickness: 170 µm, Cellvis, CA, USA) were used to assess 
macrophage phagocytosis according to the manufacturer‟s protocol. Briefly, 500 µg/mL of pHrodoTM 
Red Zymosan BioParticles („Zymosan‟, Life Technologies, USA) were vortexed and resuspended 
homogeneously in RPMI (pH = 7.4). Cultures were rinsed off in PBS three times to remove 
extracellular parasites before activation. Each well was supplemented with dispersed „Zymosan‟ 200 
µL/well at 2, 6, 12, and 24 hpi, and incubated at 37 ˚C without CO2 supplementation for further 2 h 
after induction of activation,. Infections were repeated 6 times per time point for each culture. The 
reaction was washed 3 times with PBS. Then ice-cold PBS was added to stop the reaction for cell 
imaging. NucBlue™ Live ReadyProbes™ (Life Technoglogies, USA) were used to stain nuclei. In 
order to test for basic function of phagocytosis by cells treated according to the described conditions, 
cultures of group NC (n = 6 per observation period) were exposed to activation at 2, 6, 12 and 24 hpi 
(infection time point for other infection groups). Additionally, uninfected control cultures (n = 3) 
were stimulated for 1 h by LPS application 96 h after seeding. Non-cell controls were kept in parallel. 
All incubation steps were performed in a dark chamber. 
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Confocal laser scanning microscopy (CLSM) 
Phagocytosis was determined by cell imaging with 200x magnification using CLSM (Leica TCS SP8, 
Wetzlar, Germany). Imaging spots were taken from the central area of six individual wells for each 
group and observation period. Parasite visualization (400 x magnifications) was carried out 12 hpi. 
Stacks were calculated for every 1.5-2 µm and included all attached cells. Imaris® software version 
9.3 (Bitplane, Abingdon, UK) was used to generate a 3D model from the stacks and to quantify the 
number of intracellular granules of „Zymosan‟ per cell. The relative inhibition of phagocytosis in 
infected cultures following 2 h of stimulation by „Zymosan‟ was calculated as follows: 
                      
                                                   
                                                          
 
Intracellular parasite replication 
Cultures were trypsinized by Biotase® (Biochrom, Berlin, Germany) at 37 ˚C for 30 min and 
collected at 2, 6, 12, and 24 hpi after washing three times gently with PBS. DNA was extracted using 
the QIAamp DNA Mini Kit® (Qiagen, Hilden, Germany) following the manufacturer‟s instructions 
for cell cultures. T. gondii DNA standard curve was obtained by gradient 10-fold dilutions of 10
7
 
tachyzoites. T. gondii replication was analyzed by the 529-bp repeat element in a probe-based qPCR. 
ITS1 fragment quantification was used to quantify the replication of E. tenella by SYBR 
Green-based PCR (KAWAHARA, et al. 2008).  
According to the chosen infection doses, DNA was extracted from 2.5 x 10
5 
and 5 x 10
5 
E. tenella 
sporozoites, respectively, to normalize the initial copy numbers of E. tenella (n=4). The relative copy 
number of E. tenella DNA was implemented by measurement of pSCA-17 plasmid standard dilution 
as described before (THABET, et al. 2015). Quantitative real-time PCR (qPCR) was performed using 
the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, USA). 
For T. gondii qPCR, 5 µL of sample DNA eluate were used in a total volume of 25 µL containing 
12.5 µL of Master Mix, 3.2 µL of DNase/RNase free water (Gibco™, Life Technologies, USA), 0.9 
µL of each 25 µM forward and reverse primer and 2.5 µL of 2 µM TaqMan probe. The cycling 
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program consisted of 95 °C for 15 min (initial denaturation), followed by 40 cycles of 95 °C for 15 s 
(denaturation), 60 °C for 1 min (annealing), and 72 °C for 15 s (extension). 2 µL of sample DNA 
eluate were used for E. tenella specific PCR, in a total volume of 20 µL containing 10 µL of SYBR 
Green master mix, 7.2 µL of water, 0.9 µL of 25 µM forward and reverse primer. For E. tenella 
qPCR, the cycling program consisted of heating to 95 °C for 5 min (initial denaturation), followed by 
40 cycles at 95 °C for 30 s (denaturation), 55 °C for 20 s (annealing), and 72 °C for 20 s (extension). 
A subsequent melting curve analysis (95 °C for 1 min, 55 °C for 30 s, 0.5 °C/s) was performed for E. 
tenella qPCR to create the dissociation curve. Data represent the mean of three replicates with an 
acceptable standard deviation of less than 0.5 for Ct values. 
Data analysis and statistics 
The intracellular T. gondii tachyzoites were represented as total DNA copy quantities. For E. tenella 
the DNA copy number/µL was assessed for each observation period. RPN was calculated as mean 
value (n = 3) with standard deviation (SD) for each group in relation to DNA copy numbers 
determined for the initial infection dose. Statistical analysis was calculated by SPSS® version 20 
(IBM, New York, USA). Differences between groups were determined by the nonparametric 
Mann-Whitney U test and assumed significant at p < 0.05. 
List of abbreviations 
BMDMs: bone marrow-derived macrophages; CLSM: Confocal laser scanning microscopy; hpi: 
hours post infection; HFF: human foreskin fibroblast; iNOS: nitric oxide synthase; LPS: 
Lipopolysaccharide; MOI: multiplicity of infection; PBS: phosphate-buffered saline; PMBC: 
peripheral blood mononuclear cells; PV: parasitophorous vacuole; qPCR: Quantitative real-time PCR; 
RPN: Relative parasite numbers; SD: standard deviation. 
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Abstract 
Both Eimeria (E.) tenella and Toxoplasma (T.) gondii are common apicomplexan parasites in 
chickens. Host cell invasion by both protozoans includes gliding motility, host cell attachment and 
active penetration. Chicken macrophages as phagocytic cells participate in the innate host immune 
response against these two parasites. In this study, primary chicken monocyte-derived macrophages 
(MMs) were infected with both pathogens to investigate mutual and host-parasite interactions. MMs 
cultures were assigned to groups that were infected with E. tenella, T. gondii, or both. In co-infected 
cultures, MMs were first exposed to E. tenella sporozoites for 2 hours. Afterwards, T. gondii 
tachyzoite infection was performed. Live-cell imaging was carried out to observe cell invasion and 
survival of T. gondii by single parasite tracking over a period of 20 hours post infection (hpi). 
Quantitative analysis for parasite replication was performed at 2, 6, 12 and 24 hpi by real-time PCR 
(qPCR). Overall, we found that during early co-infection T. gondii tachyzoites adhered for more than 
4 hours to macrophages. Although they displayed high motility, ability to penetrate the cell 
Overview of own scientific work: Publication 4 
55 
 
membrane of the potential host cell was reduced. qPCR results confirmed that significantly less T. 
gondii entered E. tenella-activated MMs at 2 hpi, and a reduced proportion of intracellular T. gondii 
survived and replicated in these cells at 24 hpi. We conclude that E. tenella modulates host cell 
responses to another apicomplexan agent, T. gondii, reducing active invasion and multiplication in 
chicken primary macrophages. 
1 Introduction 
Apicomplexan protozoa are obligate intracellular parasites causing a variety of diseases in animals 
and humans. Toxoplasma (T.) gondii infects almost all euthermic animal species and may also infect 
humans. About one third of the global human population are supposed to be infected by this zoonotic 
pathogen (Hill and Dubey, 2002). Chickens are considered to be an important reservoir of T. gondii. 
Especially free-ranging and back-yard chickens have been reported to show high seroprevalence 
rates for T. gondii (Dubey, 2010). On the other hand, coccidiosis caused by Eimeria species is a 
widely distributed major parasitic disease of poultry, one of the most pathogenic species in chickens 
being E. tenella.  
Upon adherence to the host cell membrane apicomplexan parasites start to penetrate into the host cell 
by forming a so-called moving junction initiated by organelles of the apical complex at the anterior 
end of the parasites (Besteiro et al., 2011). This moving junction supports the establishment of the 
parasitophorous vacuole (PV) separating the parasite from the host cell cytoplasma. The adhesive 
proteins produced by micronemes located in the apical region of the invasive parasite stages allow 
gliding motility which is essential for the active invasion by T. gondii (Sibley, 2010). In chickens, 
macrophages play a crucial role in identification and phagocytosis of pathogens including protozoa 
thus serving as a first line of innate immune defence (Qureshi et al., 2000). However, T. gondii 
tachyzoites are capable to actively invade macrophages which occurs even faster than phagocytosis 
displayed by a macrophage (Morisaki et al., 1995). T. gondii tachyzoites are able to replicate in 
chicken blood monocyte-derived macrophages (Meirelles and Souza, 1985). In experimental 
infection of E. tenella in naïve chicken, sporozoites were situated mainly within or next to the lamina 
propria that was infiltrated with macrophages in response to the infection (Vervelde, et al., 1996). 
Sporozoite-bearing macrophages are able to transport Eimeria sporozoites to the proper site of the 
intestinal mucosa (Trout and Lillehoi, 1993). However, E. tenella survival and development is rather 
poor in cultured chicken macrophages (Challey and Burns, 1959). 
Concomitant infections by protozoan parasites and other microoganisms attract increasing attention 
in animals and humans both under natural conditions and in experimental in vivo and in vitro studies. 
For instance, probiotic bacteria reduced oocyst excretion of E. acervulina in chicken (Dalloul et al., 
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2003) as well as in vitro invasion of E. tenella into Madin-Darby bovine kidney (MDBK) cells 
(Tierney et al., 2004). Host immune responses and consequently clinical signs of disease are 
modulated in co-infected animals. In general, the immune response is dominated by Th1 during 
protozoan infection whereas Th2 response is typical for helminth infection (Marshall et al., 1999). 
Regarding interaction during co-infection by protozoa, it was reported that no competitive effects 
exist in mixed Eimeria species infection (Cornelissen et al., 2009). However, T. gondii replication 
was increased during co-infection with Trypanosoma in rats (Guerrero et al., 1997). On the other 
hand, T. gondii supports Plasmodium replication in a rat model (Rifaat et al., 1984). Natural 
co-occurrence of T. gondii and Eimeria in the same host has been reported. For example, both 
parasites were found concurrently in blood and organs of a heavily diseased sparrow (Manwell et al., 
1945). Furthermore, wild rabbits tested seropositive for both T. gondii and Eimeria stiedai infection 
in Scotland (Mason et al., 2015).  
In spite of high seroprevalence rates reported for both T. gondii and E. tenella in chickens, little is 
known to date about the mutual interplay between these two parasites, particularly during host cell 
invasion. Experimental in vivo and ex vivo co-infection models in chicken macrophages were 
established recently and thus suitable tools are now available for further co-infection studies (Hiob et 
al., 2017; Zhang et al., 2018). Results demonstrated that the mutual interaction during co-infection 
modulated both parasite replication as well as the host immune response. In our recent study, 
macrophage phagocytosis was distinctly altered during in vitro co-infection by T. gondii and E. 
tenella (unpublished yet). 
In the current study, we used live-cell imaging of T. gondii and/or E. tenella infected cells to monitor 
parasite invasion and survival at the single cell-parasite level in both mono-infected and co-infected 
cultures. The study focuses on the period of early parasite invasion in monocyte-derived chicken 
macrophages. A previous study showed that asexual stages of T. gondii and Eimeria displayed 
ultrastructural similarities (Soares Medeiros et al., 2011). Moreover, host cell invasion mechanisms, 
micronemal adhesins, gliding motility of both T. gondii tachyzoites and Eimeria sporozoites were 
identified to be affected in vitro by the same inhibitor of protozoan cGMP-dependent protein kinase 
(Wiersma et al., 2004). Thus, we are particularly interested in whether the considerable capacity of T. 
gondii to invade and survive in macrophages is affected by concorrent E. tenella infection. Parasite 
tracking was performed to determine the motility of T. gondii during the invasion phase following 
co-infection by E. tenella. The life span of individual T. gondii was also monitored by live cell 
imaging. 
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2 Materials and Methods 
2.1 Parasites and host cells 
Tachyzoites of T. gondii RH - green fluorescent protein (GFP) strain (kindly provided by Professor 
Dominique Soldati-Favre, University of Geneva Medical School, Switzerland) were maintained at 
37 °C with 5% CO2 in human foreskin fibroblast (HFF) cells. Free tachyzoites were collected from 
the culture medium for infection. The sporozoites of E. tenella Houghton - yellow fluorescent 
protein (YFP) strain (kindly provided by Prof. Dr. Suo, China Agricultural University, China) were 
obtained from oocysts by excystation following an established protocol (Rentería-Solís et al., 2020).  
The animal experiments performed to collect chicken blood samples were approved by the 
responsible authorities (Landesdirektion Sachsen, Germany, trial registration number V13/10). 
Chicken peripheral blood mononuclear cells (PBMCs) were isolated from heparinized whole blood 
of adult chickens according to the established protocols with slight modifications kindly provided by 
Dr. Braukmann, Friedrich-Loeffler-Institute Jena, Germany. Briefly, PBMCs were separated from 
blood by centrifugation (250 x g, 45 min) with Biocoll (density 1.077 g/ml; Biochrom AG, Berlin, 
Germany). Isolated PBMCs were resuspended and washed in 5 mL PBS (centrifugation 350 x g, 30 
min) following pre-warmed 5 mL RPMI-1640 medium (Sigma, Taufkirchen, Germany) 
(centrifugation 350 x g, 20 min). Afterwards, 5 x 10
6
 PBMCs/well were resuspended in 
24-well-plates in RPMI-1640 with 5% chicken serum and 5% fetal bovine serum, penicillin (100 
U/mL, PAA), streptomycin (0.1 mg/mL, PAA), and amphotericin B (0.0025 mg/mL, PAA). After 72 
h incubation (41 °C, 5 % CO2) PMBCs were trypsinized by Biotase® (Biochrom, Berlin, Germany) 
at 37 ˚C for 30 min and detached monocyte derived macrophages (MMs) were counted under the 
light microscope. 10
3
 MMs were seeded in the microscope imaging chamber (micro-insert 4 well, 
Ibidi, Martinsried, Germany) for 24 h (41 °C, 5 % CO2) for live cell imaging. For parasite 
quantification by qPCR, approximately 10
5
 MMs were seeded to 24-well-plates for 24 h (41 °C, 5 % 
CO2). The MMs were purified by rinsing off non-adherent cells once at 24 h and twice before 
infection.  
2.2 Infection 
Two experiments were conducted in this study (Fig 1): Experiment 1 was designed to visualize 
parasite invasion; Experiment 2 was performed with increased MMs population at the same infection 
ratio to quantify parasite stages by qPCR for the different infection groups.  
Study design for experiment 1 (Fig 1A): 
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For imaging, cell cultures (n = 2/group) were assigned to four groups. In co-infected group CI, MMs 
were exposed to 2 x 10
3
 E. tenella sporozoites 2 h before T. gondii infection (-2 hpi). Group LPS 
cultures served as positive controls and were stimulated at the same time with 1 μg/mL 
lipopolysaccharide (LPS). Cultures of group Tg (monoinfection with T. gondii) and group NC 
(negative control) were not exposed to LPS stimulation. At 0 hpi cultures of groups CI, LPS, and Tg 
were infected with 2 x 10
3
 T. gondii tachyzoites per well. Group NC remained uninfected. All 
cultures were observed until 20 hpi. The whole experiment was repeated once. 
Study design for experiment 2 (Fig 1B): 
For quantification by qPCR, cell cultures kept in 24-well plates were assigned to five groups (n=5 
cultures/group). At -2 hpi, MMs of group CI (co-infection) and group Et (single infection with E. 
tenella) were exposed to 2 x 10
5
 E. tenella sporozoites per culture. Group LPS cultures were 
pretreated with 1 μg/ml LPS at the same time. Group Tg was infected with 2 x 105 T. gondii 
tachyzoites per well at 0 hpi while group NC served as untreated, uninfected negative control. The 
cultures were maintained until 24 hpi. 
Figure 1 Schematic representation of infection and imaging. 
(A) Experiment 1 (live cell imaging). Images of group NC were collected at the same time points 
as in groups CI, LPS and Tg.   
(B) Experiment 2 (parasite quantification by qPCR). Samples of group NC were collected at the 
same time point as in groups CI, LPS and Tg.  
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2.3 Live-cell imaging of T. gondii in MMs 
DRAQ7 dye was used to assess the viability of parasites and macrophages in each group. Prior to 
imaging, 3 μL DRAQ7 dye (Biostatus, Leicestershire, UK), a nuclear stain selective for dead cells, 
was added to all cell cultures immediately after exposure to E. tenella or LPS treatment (-2 hpi). The 
viability of parasites and cells were controlled by fluorescent microscopy prior to T. gondii infection 
at 0 hpi. Cells were viewed for fluorescence by CLSM (TCS-SP8, Leica, Bensheim, Germany) using 
4 channels at 488 nm, 514 nm, 633 nm laser line and wide field. Basic imaging parameters were 40 x 
objective, 10 x ocular (NA 0.90), 1024 x 1024 dpi, 6 Z-stacks (4 μm). To avoid crosstalk between 
channels, images were collected in line sequential mode.  
Incubation conditions (41 °C, 5 % CO2 and 99% humidity) were controlled using an incubation 
chamber (Tokai-Hit, Shizuoka, Japan) over the whole observation period. The timeframe of infection 
and imaging is shown in Fig. 1A. Briefly, after adding DRAQ7, approximately 20 random fields of 
cells were selected and captured according to groups CI, LPS, and Tg from 2 individual wells per 
group. Image collection for time-lapse imaging of tachyzoite motility was performed at an interval of 
10 min per frame until 2 hpi. Image acquisition was interrupted from 2 hpi to 3 hpi to add 20 
additional fields per group which contained intracellular T. gondii in group CI and LPS. All fields 
were observed for further 4 h until 7 hpi at an interval of 30 min per frame. Subsequently, at least 
100 cells with live intracellular T. gondii (1 - 2 tachyzoites / cell) were collected and captured at 7 
hpi and 20 hpi by CLSM for groups CI and Tg. For group LPS, only 71 MMs with live intracellular 
T. gondii were selected due to a generally low number of T. gondii-positive cells observed in this 
group. Six fields were analysed randomly for group NC in parallel. 
Images of stacks were obtained using LAS X software (Leica, Bensheim, Germany). Stacks were 
analysed with Imaris® software version 9.3 (Bitplane, Abingdon, UK) using functions of spot 
detection and tracking parasite motility and viability.    
2.4 Parasite quantification by quantitative real-time PCR (qPCR)  
For all infection groups (Fig 1B), complete cell populations from a subset of cell culture wells were 
collected at 2, 6, 12, and 24 hpi and additionally at 0 hpi in group Et. DNA was extracted using the 
QIAamp DNA Mini Kit® (Qiagen, Hilden, Germany) following the manufacturer‟s instructions. 
qPCR was performed using the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, 
USA). Data represent the mean of three replicates with an acceptable standard deviation of less than 
0.5 for Ct values. 
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T. gondii multiplication was analyzed by a probe-based qPCR detecting the 529-bp repeat element 
(Edvinsson et al., 2006). Standard curve was developed by data obtained for gradient 10-fold 
dilutions of initially 10
7
 tachyzoites. qPCR was conducted in a total volume of 25 µL: 5 µL of 
sample DNA, 12.5 µL of Master Mix, 3.2 µL of DNase/RNase free water (Gibco™, Life 
Technologies, USA), 2.5 µL of 2 µM TaqMan probe and 0.9 µL of each 25 µM forward and reverse 
primer (5‟-CACAGAAGGGACAGAAGT and 5‟-TCGCCTTCATCTACAGTC-3‟). The cycling 
program consisted of 95 °C for 15 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min, and 
72 °C for 15 s. 
ITS1 fragment quantification was used to assess the replication of E. tenella by a SYBR Green-based 
PCR (Kawahara et al., 2008). The relative copy number of E. tenella DNA was implemented by 
measurement of pSCA-17 plasmid standard dilution as described before (Thabet et al., 2015). qPCR 
was conducted in a total volume of 20 µL: 2 µL of sample DNA eluate, 10 µL of SYBR Green 
master mix (Thermo Fisher Scientific, Darmstadt, Germany), 7.2 µL of water, 0.9 µL of 25 µM 
forward and reverse primer (5‟-AACCTGACTGTGCAAGCATC-3‟ and 
5‟-ATCATAGACAGCCGTGCCAG- 3‟). The cycling program consisted of heating to 95 °C for 5 
min, followed by 40 cycles at 95 °C for 30 s, 55 °C for 20 s, and 72 °C for 20 s. A subsequent 
melting curve analysis (95 °C for 1 min, 55 °C for 30 s, 0.5 °C/s) was performed to create the 
dissociation curve. 
2.5 Statistical analysis 
Statistical analysis was performed by using Imaris® and GraphPad Prism® (version 8, San Diego, 
CA, USA) software. Kolmogorov-Smirnov test was performed to test for normal distribution. 
Statistical significance was assessed by two-way ANOVA for data with normal distribution and 
Tukey's multiple comparisons test for values that did not follow normal distribution. 
3 Results 
3.1 Live cell imaging of T. gondii in MMs 
In general, penetration of T. gondii tachyzoites into the MMs started within 2 hpi after tachyzoites 
were seeded into cultures. CLSM analysis (Fig 2A and Supplementary material: Video 1) of group 
CI cultures showed that T. gondii tachyzoites remained loosely adherent to MMs for more than 4 
hours in most cases before they started to actively invade the host cell. During this phase, distinct 
helical gliding motility of tachyzoites was seen. This untypical behavior of tachyzoites in group CI 
was observed regardless whether intracellular E. tenella sporozoites were still alive or dead. In 
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contrast, tachyzoites, which were actively or passively incorporated into MMs after attachment, were 
seen within minutes in the mono-infected group Tg and the LPS-treated group  
Tachyzoites showed lowest motility in group LPS at most of the captured time points (Fig 2B). In 
group CI, significantly higher motility of tachyzoites were observed than in group LPS over the 
period from 10 min to 120 min post infection (p < 0.05); with the exception of 70 to 110 min. 
Comparing between groups CI and Tg, tachyzoites of group CI showed significantly higher motility 
(p < 0.05) during the first 20 mins. Average motility values in group CI tended to remain higher than 
in both groups Tg and LPS with a significant difference (p < 0.05) at 80, 90 and 110 min compared 
to group Tg. 
Figure 2 Invasion of T. gondii within 4 hpi. 
(A) Video microscopy of T. gondii invasion at 0-4 hpi in a cell previously exposed to E. tenella. 
(a) T. gondii is adherent on the cell which contains a vital E. tenella sporozoite. (b) T. gondii is 
adherent on the cell which contains a dead E. tenella sporozoite that was phagocytized and 
fused by macrophages at 2 hpi.  
(B) Motility (speed) of live T. gondii tachyzoites (0-120 minutes). The motility of T. gondii 
tachyzoites (n=30 per group) was assessed by imaging every 10 minutes over 120 minutes. 
Each parasite was tracked over 70-100% of all time points excluding the occasionally 
out-of-range movement or parasite death. Mean values per time point were calculated. LPS: 
LPS-treated, T. gondii mono-infection; Tg: T. gondii mono-infection; CI: co-infection. *p < 
0.05: CI compared to Tg; Error bar: standard error of the mean (SEM) 
 
3.2 Parasite quantification  
In experiment 1, the relative intensity (RI) of green fluorescence of 27 to 30 individual intracellular T. 
gondii tachyzoites which were captured at 3 to 7 hpi by CLSM were anlaysed in all infected groups. 
RI revealed no significant difference between groups Tg and CI until 4 hpi. Thereafter, RI values 
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remained on a consistently higher level in group CI than in the monoinfected group Tg and in group 
LPS (Fig 3A).The RI measured in group CI displayed only slight variation from 3 to 7 hpi, whereas 
values started to decrease in group LPS and Tg following 4.5 hpi or 5 hpi with a statistically 
significant difference between groups CI and LPS (p < 0.05) at 4.5 hpi and thereafter.  
In general, less than 45 % of traced intracellular tachyzoites of T. gondii were still alive or 
replicating in MMs at 20 hpi (Fig 3B). At 20 hpi, the proportion of T. gondii-positive MMs was 
lower in group CI (27 %) than in group Tg (45%) and only slightly higher than in group LPS (21 %). 
By qPCR, significantly lower DNA copy numbers (p < 0.05) were determined at 2 hpi for T. gondii 
in group CI and group LPS compared to group Tg (Fig 3C, left). The number of DNA copies 
remained on a low level in the two former groups until 12 hpi, followed by a steep increase until 24 
hpi in group CI while values remained significantly lower in group LPS (p < 0.05). In group Tg, 
DNA copy numbers were higher than in the two other groups at 2 hpi, decreased steadily until 12 hpi 
to a level similar to groups CI and LPS and increased even more distinct than those recorded for 
group CI thereafter. No statistical difference was observed between group CI and Tg at this time 
point (p > 0.05). Likewise, no significant difference in DNA copy numbers was detected for E. 
tenella by comparison of groups Et and CI over the entire observation period of 24 hpi (Fig. 3C, 
right). 
Figure 3 Quantitative analysis of T. gondii  
(A) Assessment of intracellular survival of T. gondii (n=27-30) by measurement of Relative 
Intensity (RI) at 3-7 hpi.. RI = initial mean intensity of fluorescence for each parasite / mean 
intensity of fluorescence for each parasite per time point. RI = 0 means no signal of fluorescence 
is detected. Error bar: standard error of the mean.  
(B) T. gondii negative/positive MMs. 100 vital T. gondii-positive MMs in group CI and Tg and 71 
MMs in group LPS (due to low numbers of surviving parasites) were selected and marked 
randomly, i.e. 1-2 vital intracellular tachyzoites / cell were captured at 7 hpi and again at 20 hpi. 
The rate of T. gondii-negative/positive cells was calculated. Blue column, MMs with reduced 
numbers of or non-vital T. gondii; Red column, MMs with constant numbers of vital T. gondii; 
Green column, MMs with replicating T. gondii.  
(C) Parasite quantities (DNA copies) during sequential co-infection. Parasite replication is 
represented as mean value with standard deviation (n=3-5 per time point). LPS: LPS-treatment, 
T. gondii mono-infection; Tg: T. gondii mono-infection; Et: E. tenella mono-infection; CI: 
co-infection 
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4 Discussion 
After two hours of exposure to E. tenella sporozoites or LPS MMs generally maintained their 
viability which was demonstrated by negative staining for DRAQ7 (data not shown). A recent study 
by (Zhang et al., 2018), confirmed earlier findings by (Long and Rose, 1976) that E. tenella 
sporozoites were mostly located within chicken macrophages at 2 hpi. In the current study, most 
intracellular E. tenella sporozoites showed red fluorescescence after DRAQ7 staining instead of the 
expected yellow (YFP) fluorescence within 4 hpi to 6 hpi (data not shown), indicating their death. 
This CLSM finding corroborates the qPCR results demonstrate that the number of E. tenella declined 
to lowest numbers at 6 hpi (Fig 3A, right). Co-infection with T. gondii did not exhibit a significant 
influence on E. tenella replication when compared to single E. tenella infection. Unfortunately, we 
could not quantify the E. tenella sporozoite numbers via YFP through time lapsing imaging because 
of a non-ideal YFP expression (about 80 %) in the available parasite strain.  
Host cell invasion by T. gondii tachyzoites usually takes only 15 to 20 s (Morisaki et al.. It is 
assumed that T. gondii tachyzoites and Eimeria sporozoites may invade and traverse several host 
cells by disrupting the host cell membrane (Mota and Rodriguez, 2001). In our time lapsing study, T. 
gondii tachyzoites were either floating free in the culture medium (unattached to macrophages) for 
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hours or displayed a rapid entry into the macrophages in both group LPS and group Tg. Interestingly, 
adherence of vital tachyzoites was prolonged for more than 4 hours in the co-infection cultures. It 
was previously demonstrated that most T. gondii tachyzoites remained adherent to murine 
macrophages that were treated with a phagocytosis inhibitor, Cytochalasin D (Ryning and 
Remington, 1978). Microneme exocytosis is necessary for host-cell entry of both T. gondii 
(Carruthers et al., 1999) and E. tenella (Bumstead and Tomley, 2000). The micronemes appear to be 
both structurally and functionally conserved between different members of the Apicomplexa (Sibley, 
2010). We assumed that E. tenella infection may potentially hamper the entry of T. gondii into host 
cells by altering recognition of signal receptors or inhibiting phagocytosis. 
Rapid invasion and egress are crucial to T. gondii survival and successful replication, thereby 
minimizing the exposure to destructive reaction by innate protection in a generally hostile 
extracellular environment (Hoff and Carruthers, 2002). Once inside the host cell, the parasite no 
longer moves (Dubremetz et al., 1998). The intracellular survival of T. gondii depends on the route 
by which the parasite enters the host cell. Although T. gondii tachyzoites are phagocytized and 
internalized through Fc receptor mediation (Mordue and Sibley, 1997), intracellular T. gondii can 
survive and replicate within the PV by blocking the host macrophage‟s pathways intended to initiate 
vacuolar acidification and parasite inactivation (Sibley et al, 1985). To quantify viable intracellular T. 
gondii, the intensity of GFP signal expression by the parasite was monitored in this study. It 
appeared from our observations according to RI values that T. gondii showed better survival at the 
early stage of infection (until 7 hpi) if MMs were previously exposed to E. tenella (Fig 3A). 
Under the conditions of our experimental design (two T. gondii tachyzoites per cell), most infected 
host cells contained only one parasite at 7 hpi in all infected groups. Only slightly more T. 
gondii-positive cells were monitored in group CI than in group LPS at 20 hpi by CLSM (Fig. 3B). 
However, significant high number of total DNA copies of T. gondii was detected in group CI 
compared to group LPS (Fig. 3C). It appears that the single cell observation by CLSM may not be 
completely comparable with quantification of DNA copies in cell cultures, possibly due to the 
different amount of cells considered. Nonetheless, results obtained with both methods indicated a 
reduced growth of T. gondii in chicken macrophages in a co-infection setting with E. tenella 
compared to mono-infection. 
Macrophages are not only professional phagocytes but also secrete cytokines in response to parasite 
infection. This innate immune response can be triggered in chicken macrophages by exposure to LPS 
(Hussain and Qureshi, 1998). A previous study showed that T. gondii blocked LPS-induced 
production of IL-12 and TNF-alpha in murine bone marrow derived macrophages (Butcher and 
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Denkers, 2002). For E. tenella, it is known that IL-1β and iNOS expression are significantly 
enhanced in chicken HTC macrophages by merozoites at 2 hpi (Chow et al., 2011). A recent in vitro 
study demonstrated down-regulation of IL-12 and iNOS in chicken macrophages during 
simultaneous co-infection by T. gondii and E. tenella (Zhang et al., 2018). From previous as well as 
the current data it appears that modulation of innate immunity in chicken differs during mono- and 
co-infection, which includes cytokine production and macrophage phagocytosis. However, data on 
concurrent infections with E. tenella and T. gondii are still scarce although both are considered to be 
common pathogens in poultry and thus deserve more attention.  
In summary, life cell imaging by CLSM proved to be a useful tool to evaluate chicken macrophage 
invasion and / or phagocytosis during mono- and co-infection with two different apicomplexan 
parasites. It was demonstrated that the mechanisms of T. gondii invasion and survival appear to be 
altered in E. tenella-exposed macrophages. Further studies into macrophage signaling pathways, 
particularly modulation of the cytokine response, combined with image analysis and live cell 
imaging, will help to better understand the function and modulation of the innate immune response 
during apicomplexan invasion. 
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3 Overreaching discussion 
Probably due to the mostly sub-clinical course of toxoplasmosis in chicken only few studies focused 
on the multiple in vivo and ex vivo alterations that may occur during co-infection with Eimeria 
species and T. gondii in poultry, so far. HIOB et al. (2017) reported findings obtained in 
experimentally co-infected chicken and showed interaction between both pathogens regarding host 
immune response as well as development of parasite burden during the co-infection. In the current 
work these studies were extended to investigation of potential interactions in vitro with a particular 
focus on the avian innate immune system using primary macrophages as host cells.  
3.1 Chicken primary monocyte-derived macrophages are suitable to study in vitro 
co-infection by both T. gondii tachyzoites and E. tenella sporozoites (Publication 1, 2, 5 
and Manuscript 3-4). 
Mammalian macrophages have been used to study the growth of T. gondii and related immune 
mechanism for a long time (VISCHER and SUTER 1954). T. gondii is capable to propagate in 
mammalian and avian macrophages. Although MALKWITZ et al. (2013) reported that T. gondii 
replication was more efficient at 37 °C than at 40 °C in chicken primary macrophages, they 
suggested that normal avian body temperature (approximately 40 °C) should be considered in the 
avian model with respect to the physiological host reactivity and metabolism. In this study, a major 
proportion of T. gondii tachyzoites were eliminated in chicken primary macrophage cultures before 
12 hpi, but considerable replication was observed thereafter, i.e. within 12 to 24 hpi (Publication 1, 2 
and Manuscript 3). In contrast, E. tenella appear less adapted to replication in chicken primary 
macrophages which is in accordance to the study of LONG and ROSE (1976), who reported poor 
growth of E. tenella in peritoneal macrophages. However, E. tenella reproduction was observed in 
our model until 72 hpi. A higher increase in parasites numbers was seen in the cultures exposed to a 
higher infection dose in the present study. Although macrophages thus displayed a (limited) ability to 
support E. tenella development and are rather known to serve as “trojan horses”, the present study 
confirmed that they are not adequate natural host cells for E. tenella reproduction.  
Previous experiments were often performed in epithelial cells which are considered to be a suitable 
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host cell type for in vitro studies on E. tenella. In fact, MDBK cells have been applied frequently and 
successfully to study both T. gondii and E. tenella multiplication in mono-infection models (DIAB 
and EL-BAHY 2008). In the present study (Publication 2), MDBK cells were also used to investigate 
the parasite growth during co-infection for comparison to primary chicken macrophages. The 
optimal temperature for parasite cultivation is 37 °C for T. gondii but 41 °C for E. tenella in the 
MDBK cell line (HUGHES and FLECK 1986). In this study, multiplication of T. gondii tachyzoites 
was distinctly lower in MDBK cells than in chicken macrophages at 41 °C. Conversely, the growth 
of E. tenella appeared significantly higher than in chicken macrophages at 24 hpi. Considering 
potential alteration of host cell metabolism/reactivity at 37 °C in the avian model, incubation 
temperature representing normal chicken body temperature was suitable for both parasites growth in 
the primary cell model evaluated in the current study. 
In the current study T. gondii RH tachyzoites were used due to their capacity of in vitro reproduction 
and most active intracellular multiplication (YANG et al. 1998). E. tenella Houghton sporozoites 
were selected because the Houghton strain is a well-established laboratory tool applied by many 
research groups worldwide (CHAPMAN and SHIRLEY 2003). Use of the sporozoite stage for E. 
tenella has three advantages: a. sporozoites are the initial invasive stages in the Eimeria life cycle, 
thus decisive for the course of the infection; b. they can be easily acquired from oocysts (ECKERT et 
al. 1992); c. they can be easily differentiated by their morphology from T. gondii tachyzoites. 
Genetically modified parasites expressing fluorescence are broadly applied to track parasite activities 
or for drug screening (GUBBELS et al. 2004). T. gondii expressing green fluorescent protein (GFP) 
and E. tenella expressing yellow fluorescent protein (YFP) were used to evaluate parasite 
development. Additionally, an improved protocol was developed in this study in order to remove 
contamination and to produce highly purified and germ-free E. tenella sporozoites (Publication 5).  
In a recent study (MALKWITZ et al. 2013), T. gondii ME49 strain infection destroyed almost all 
primary macrophages and numerous free tachyzoites were found at 72 hpi when infected with MOI 
(“multiplicity of infection”) of 7.5 tachyzoites per host cell. A macrophage-parasite ratio of 3:1 was 
proposed for studying infection by T. gondii RH strain in mammal macrophages (ROBBEN et al. 
2004). Because of the faster growth rate of T. gondii RH strain as compared to ME49 strain (SAEIJ 
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et al. 2005), an approximate MOI of 2:1 to 4:1 (i.e., 2.5 x 10
5
 to 5 x 10
5
 tachyzoites / well) was 
selected in our experiments with the T. gondii RH strain. In order to establish comparable infection 
conditions, the same MOI of 2:1 and 4:1 was selected for E. tenella sporozoite infections. 
Furthermore, simultaneous and sequential infections were both carried out to investigate the 
interaction between these two parasites and their host cells. In vitro infection experiments were 
conducted in 24-well plates for simultaneous and sequential infection (Publication 2 and Manuscript 
3). For time lapsing imaging, cell cultures at the same MOI in a microincubation system was chosen 
(Manuscript 4). Investigation of host-parasite interaction was archived with these experimental 
settings in the whole period of own co-infection model, e.g. the replication as well as reproduction of 
both parasites and appropriate numbers of host cells. 
3.2 Parasite development of both T. gondii and E. tenella is mutually modulated in 
co-infected cell cultures (Publication 2 and Manuscript 3-4).  
HUGHES and FLECK (1986) reported that T. gondii displayed different growth dynamics depending 
on the type of cell cultures used. SUNDERMANN and ESTRIDGE (1999) found that less than 10 % 
of T. gondii RH tachyzoites could penetrate human foreskin fibroblast (HFF) cells at 3 hpi. Similarly, 
at the early stage of my own infection experiments, approximately 10 % of T. gondii tachyzoites 
were located intracellularly in all T. gondii-infected cultures at 2 hpi (Publication 2 and Publication 
3). Interestingly, T. gondii showed a different rate of penetration at different initial infection doses 
and the lowest number of intracellular parasites was seen in the co-infected group CI at 2 hpi. In the 
study of sequential co-infection, significantly low numbers of T. gondii were found in groups CI and 
LPS compared to the T. gondii mono-infections at 2 hpi (Manuscript 4). Assumingly, most 
tachyzoites did not successfully penetrate into the MMs but were rather incorporated by 
phagocytosis. This is in accordance to the study of MORISAKI, et al. (1995), most of effete parasites 
were internalized in murine macrophages by phagocytosis.  
Cytokine mRNA expression such as IL-1β and iNOS were highly enhanced 2 hours after applying E. 
tenella merozoites to chicken HTC macrophages (CHOW et al. 2011). This indicates that host 
signaling and immune reaction of macrophages might be altered by E. tenella infection, which in our 
co-infections could lead to phagocytic fusion or extracellular death of T. gondii instead of active 
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macrophage penetration. This study showed that E. tenella infection impaired the active penetration 
of T. gondii into chicken macrophages in both simultaneous and sequential infection. 
In general, T. gondii continues to divide every 8-10 h in the host cell eventually lysing the host cell 
within 24-48 hpi (MORDUE and SIBLEY 1997). Accordingly, T. gondii showed earliest replication 
in co-infection as well as mono-infection as analysed by CLSM at 12 hpi. However, compared to the 
initial infection dose only 50 % of T. gondii DNA copy numbers were measured in chicken 
macrophage cultures in mono-infected cultures at 12 hpi with a distinct copy number increase and 
thus replication afterwards (Manuscript 3).  
In the co-infected macrophage cultures, T. gondii DNA copy numbers remained low irrespective 
infection rate and declined at 12 hpi to lowest, however not significantly reduced values as compared 
to mono-infection. The quantities of T. gondii showed a marked increase in all T. gondii-infected 
groups except group LPS from 24 hpi onwards. Interestingly, it appears important that the 
tachyzoites invade MMs before E. tenella infection for success survival of T. gondii. T. gondii in 
group CI showed a great ability of replication during simultaneous infection whereas no significant 
difference was observed during sequential infection while compared between mono- and co-infection. 
However, MOI seems to play a role in parasite survival in cell cultures. Live-cell imaging of 100 
single host cells co-infected by T. gondii (MOI of 1-2 tachyzoites per cell) and E. tenella 
demonstrated that T. gondii in co-infected cultures showed a similar survival rate as in LPS-activated 
macrophage cultures. However, qPCR results of cell cultures showed significantly higher DNA 
copies following co-infection than in group LPS. Therefore, the numbers of macrophages available 
for parasite replication may also play a role in replication of T. gondii.   
At 48 and 72 hpi, considerable multiplication of T. gondii was seen in cell culture irrespective of co- 
or mono- infection. MEIRELLES and DE (1985) likewise showed that T. gondii was able to well 
replicate in chicken blood monocyte-derived macrophages. Both E. tenella and LPS affected T. 
gondii invasion. This may indicate that there is an activation of innate immune reaction by E. tenella 
although this has only limited effect on T. gondii when it is well protected by PV during intracellular 
development. 
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Compared to T. gondii tachyzoites, E. tenella sporozoites appear not to survive and multiple well in 
primary chicken macrophages at the early stage of infection. Similar to previous in vitro Eimeria 
studies (LONG and ROSE 1976; TAUBERT et al. 2009), most of sporozoites entered chicken 
primary macrophages possibly by phagocytosis within 2 hpi in this study (Manuscipt 3). Only less 
than approximately 20 % of initially applied E. tenella DNA copies were detectable at 2 hpi in spite 
of generally higher initial infection efficiency than T. gondii described above. CORNELISSEN et al. 
(2009) reported that mixed in vivo Eimeria species infection resulted in similar intestinal damages 
and replication compared to mono-species infection in chickens. The study of HIOB et al. (2017) 
indicated that Eimeria spp. merogony was increased in chickens co-infected with T. gondii whereas 
no significant difference of oocyst excretion was found compared to mono-infection. Interestingly, 
own experiments showed that T. gondii caused low inhibition of macrophage phagocytosis in group 
CI. This may reflect significantly higher infectivity of E. tenella at 6 hpi during simultaneous 
infection with T. gondii than during mono-infection. Moreover, both simultaneous and sequential 
co-infection displayed slightly higher infectivity of both parasites in co-infection cultures compared 
to mono-infection with the same infection dose at 6 hpi. While T. gondii replication was particularly 
obvious in the co-infected cell culture after 24 hpi, only a small number of intra-macrophage E. 
tenella sporozoites developed to the intracellular meront stages not earlier than12 hpi (Publication 2). 
In general, E. tenella replication was more efficient in simultaneously co-infected cultures as 
compared to mono-infected cultures. Consequently, it is possible that T. gondii supports or extends at 
least partially E. tenella survival in co-infected cells.  
3.3 Phagocytosis capacity and regulation of cytokines by chicken primary 
macrophages are mutually modulated by T. gondii and E. tenella (Publication 2 and 
Manuscript 3).  
Macrophages are the most important immune cell populations and act as the first line of the chicken 
innate immune response (QURESHI 2003). Therefore, efficiency of macrophage phagocytosis and 
relevant cytokines during coccidial infections were evaluated here under experimental in vitro 
conditions.  
Phagocytosis plays a crucial role in engulfment and initialization of pathogens by chicken 
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macrophages during early infection (QURESHI et al. 2000). After phagocytosis induction by 
pH-sensitive Zymosan bioparticles, isolated chicken primary macrophage cultures revealed a high 
capacity of phagocytosis. Our experiments demonstrated early (at 2 hpi) phagocytosis activation in 
on average 72 % of primary macrophages following bioparticles stimulation. Reactivity of 
macrophages decreased over time to approximately 36 % at 24 hpi. KAPELLOS et al. (2016) stated 
that cell culture density and activation duration were two major factors affecting the uptake of 
fluorescent particles by murine bone marrow-derived macrophages. GARRIDO et al. (2018) showed 
recently that 25% of HD 11 cells were activated by bioparticles following a 16 h dimethylsulfoxid 
treatment. The current study connfirmed the statement of KAPELLOS et al. (2016), that a decline of 
activation of phagocytosis was seen after LPS polarization (Publication 3). Therefore, our chicken 
primary macrophage model with the observed dynamics of macrophage activation appears to be a 
suitable model to investigate both mono- and co-infection of T. gondii and E. tenella at the early 
stage in vitro. However, the current findings (Publication 3) indicate that long-term phagocytosis 
studies require further optimization of the cultivation conditions for primary chicken macrophages.  
For both, T. gondii and E. tenella, phagocytosis has been identified as a major route of entry into 
macrophages previously (GOREN 1977; ROSE and LEE 1977b). During the internalization, some 
parasites are able to actively invade the host cell and to avoid the fusion with 
phagosomes/endosomes/lysosomes by hiding within the PV (MORISAKI et al. 1995; BUTCHER 
and DENKERS 2002). In the experiments observing the phagocytic capacity of macrophages for 
bioparticles (Publication 3), it was apparent that bioparticle phagocytosis was inhibited in all infected 
groups at 2 hpi. Interestingly, higher initial parasite infection doses (higher MOI) induced a more 
pronounced bioparticle phagocytosis inhibition during either T. gondii or E. tenella mono-infection. 
In contrast, inhibition showed significantly lower values in group CI in spite of application of an 
identical sum of T. gondii and E. tenella numbers compared to T. gondii mono-infection (group TH, 
MOI of 4 : 1) and E. tenella mono-infection (group EH, MOI of 4:1). 
Effective phagocytosis and low growth of E. tenella sporozoites in primary macrophages further 
explains that macrophage-infiltrated lamina propria was frequently found in the intestine of 
Eimeria-infected chicken (VERVELDE et al. 1996). This may be linked to the low infectivity of T. 
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gondii in co-infected cultures as discussed above. At later observation time points, macrophage 
activation by bioparticles revealed marked differences between T. gondii and E. tenella 
mono-infected groups. Phagocytosis inhibition was particularly pronounced in E. tenella infected 
cultures. In contrast, macrophage bioparticle phagocytosis was less inhibited in group CI than in E. 
tenella mono-infected groups, which may be attributed to increased numbers of T. gondii at 6 hpi in 
group CI. E. tenella engulfment was increased in group CI compared to mono-infected cultures at the 
same time point due to more active macrophages, i.e. higher phagocytic activity for bioparticles.  
At 12 hpi, though parasite replication seemed to be similar in the mono- and co-infection groups, 
co-infected cell cultures showed distinctly lower reaction to bioparticles than mono-infected cultures. 
In fact, co-infected cells did never simultaneously incorporate bioparticles as observed by CLSM.  
Similar to the LPS polarization which was described earlier, co-infection likely triggered immune 
pathways such as cytokine expression (Publication 2) in vitro and stronger so than mono-infections 
did. Six types of cytokines produced by chicken macrophages were investigated in this study 
according to previous studies on coccidia infections (LIEBERMAN and HUNTER 2009; 
MILANOVA et al. 2016): Th2-supporting IL-6, Th1-supporting IL-12, IFN-γ-inhibiting IL-10, and 
innate immune response-related iNOS, TNF-α and IFN-γ (Publication 2).  
Macrophages are essential to control protozoan infection by triggering the Th1 response (DENKERS 
et al. 2003). It was expected that Th2-supporting IL-6 is not significantly affected under the 
conditions of the current study since this cytokine is not related to major immunological reaction 
pathways to apicomplexan infections. In contrast, IFN-γ is a Th1-related cytokine that is considered 
to be an important factor in the replication inhibition of T. gondii and E. tenella (SUZUKI et al. 1988; 
LILLEHOJ and CHOI 1998). Previous in vivo studies (YUN et al. 2000; MILANOVA et al. 2016 
and HIOB et al. 2017) demonstrated that IFN-γ mRNA levels were significantly up-regulated in the 
caecum of E. tenella-infected animals. HIOB et al. (2017) also showed that the level of IFN-γ 
increased during co-infection with these two investigated parasites at the early stage of infection. 
Although macrophages are not the main immune cells producing IFN-γ, macrophage-produced 
IFN-γ was reported to be of biological significance in the early phase of host response to pathogens 
(GESSANI and BELARDELLI 1998).  
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In the present study, the expression of IFN-γ was upregulated in response to E. tenella infection, 
whereas co-infection appeared to suppress respective mRNA expression. One IFN-γ function is to 
trigger macrophages to produce iNOS resulting in high levels of cytotoxic NO (DENKERS et al. 
2003). LILLEHOJ and LI (2004) and ALLEN (1997) reported that significantly elevated levels of 
NO were induced in E. tenella-infected chicken. In contrast, GUILLERMO and DAMATTA (2004b) 
demonstrated that T. gondii inhibits NO production thus supporting survival of chicken macrophages. 
This is in line with our own observations that iNOS was distinctly upregulated in E. tenella 
mono-infection as compared to T. gondii mono-infection at 24 hpi. In this study, iNOS seemed to 
play a crucial role in controlling parasite replication and was particularly upregulated during 
co-infection. 
IL-12 is essential during both the acute and chronic phase of T. gondii infection and linked to a 
reduction in parasite load (LETSCHER-BRU et al. 1998; BUTCHER and DENKERS 2002). 
However, infection by the T. gondii RH strain failed to trigger the production of IL-12 by murine 
macrophages at 24 hpi (ROBBEN et al. 2004), which is in general consistent with the results of the 
present study. However, upregulation of IL-12 was seen in primary macrophages infected with the 
higher dose of T. gondii (group TH) at 48 and 72 hpi.  
Prior studies in the HTC cell line infected with E. tenella merozoites showed downregulation of 
IL-12 from 6 hpi to 24 hpi (CHOW et al. 2011). Conversely, own results indicate a distinct 
upregulation of IL-12 after low-dose E. tenella infection (group EL) at 24 hpi, and in all E. 
tenella-infected macrophage cultures after longer observation periods of 48 hpi or 72 hpi. 
Nonetheless, a marked enhancement in IL-12 expression was not observed in co-infected cultures, 
which is in contrast to recent in vivo studies (BANGOURA et al. 2014; HIOB et al. 2017). Therefore, 
we assume that macrophages are probably not the major source of IL-12 expression during 
co-infection. 
IL-10 inhibits the production of pro-inflammatory cytokines such as IL-1, IL-6 and TNF-α by 
monocyte-derived macrophages (SASAI et al. 2018). In toxoplasmosis, IL-10 is able to inhibit the 
capacity of IFN-γ to activate macrophages to eliminate T. gondii (GAZZINELLI et al. 1992), 
whereas WILLE et al. (2001) suggested that IL-10 did not contribute to the course of infection with 
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the T. gondii RH strain. In chicken coccidiosis, high expression of IL-10 was found in vivo as well as 
in vitro in activated monocyte-derived macrophages during E. maxima infection (HONG et al. 2006; 
ROTHWELL et al. 2004). In the only published in vivo co-infection study on T. gondii and Eimeria 
spp. in chickens, HIOB et al. (2017) showed that no significant level of IL-10 was elicited. In the 
present study, IL-10 mRNA upregulation was observed mainly during T. gondii infection with a 
delayed peak in the co-infected group CI that coincides with increased E. tenella replication. 
Therefore, it is supposed that, with the participation of multiple immune cells in vivo, chicken 
macrophages play a major role in regulation of IL-10 expression in the complex regulation of the 
innate immune response to T. gondii and / or E. tenella.   
Expression of TNF-α was upregulated in all infected groups over the whole experimental period. 
Increased TNF-α has been described before in E. tenella-infected chicken macrophages (ZHANG et 
al. 1995a). Furthermore, BYRNES et al. (1993) measured the production of TNF-α by macrophages 
after infection with Eimeria and found a biphasic pattern, with a first peak of TNF-α expression 
related to disease pathogenesis and a second peak related to development of protective immunity. 
However, as recorded for IL-12, T. gondii is also able to block the TNF-α expression by 
LPS-activated macrophages (BUTCHER and DENKERS 2002). TNF-α was supposed to synergize 
with the anti-T. gondii effect provided by IFN-γ in mammalian macrophages (CHANG et al. 1990). 
In chicken monocyte-derived macrophages, a distinct increase of TNF-α mRNA expression was 
observed in all T. gondii-infected groups at 72 hpi with a peak during co-infection at the end of the 
study. This may indicate functional differences in mammalian and avian macrophages in their 
reaction to apicomplexan parasites. Therefore, we conclude that chicken macrophage TNF-α 
production is significantly triggered by both E. tenella and T. gondii infection though this reaction 
may not be sufficient to counteract parasite replication in our model.  
3.4 Invasion/phagocytosis patterns of T. gondii in macrophage cultures are affected by 
co-infection with E. tenella in the early phase of parasite invasion (Manuscript 3-4).   
Host cell invasion relies on parasite motility, host cell attachment and active penetration. 
Macrophages are unique targets for parasites since they are capable of protozoan recognition and 
phagocytosis upon host infection (QURESHI 2003). MORISAKI et al. (1995) reported that T. gondii 
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tachyzoites only took 15-20 s to finish the cell entry by active penetration. This process is even faster 
than macrophage phagocytosis. As described above, T. gondii showed low replications in both E. 
tenella and LPS activated macrophages at 6 hpi when compared to infection of non-activated 
macrophage cultures. Parasite motility and intracellular survival of T. gondii were evaluated to better 
understand this phenomenon by time lapsing imaging (Publication 4). 
By time lapsing imaging, tracked T. gondii tachyzoites showed lowest motility in group LPS whereas 
significantly higher motility was seen in group CI until 2 hpi. Despite similar DNA copy numbers of 
T. gondii were detected in the respective cultures (CI, LPS) at 2 hpi, it appears that vital tachyzoites 
may still engage in completing host cell invasion in group CI. Parasite tracking analysis revealed that 
prolonged attachment of highly motile tachyzoites to macrophages particularly occurred in group CI. 
In prior investigations most T. gondii tachyzoites remained adherent to murine macrophages that 
were treated with phagocytosis inhibitor (RYNING and REMINGTON 1978). As stated above, E. 
tenella infection was efficient in inhibiting phagocytosis by chicken macrophages. On the other hand, 
phagocytic inhibition was associated with a significant burden of both intracellular T. gondii and E. 
tenella at 2 hpi in the current study (Manuscript 3). Single T. gondii infection of host cells also 
reduced phagocytosis, but inhibition was slightly lower than if induced by E. tenella infection. 
Therefore, the longer adherence of T. gondii may have been caused by phagocytosis inhibition. 
Interestingly, both E. tenella sporozoites and passively engulfed T. gondii tachyzoites seem to cause 
phagocytosis inhibition. Additionally, cytokines are probably involved in coordinating macrophage 
phagocytosis (QURESHI 2003). However, because of limited data, further studies on cytokine 
regulation are essential to understand this aspect of the host innate immune response at the early 
stage of E. tenella and T. gondii co-infection.   
In general, avian toxoplasmosis is a mild and mostly subclinical disease, although two clinical cases 
were reported resulting from secondary infection following primary viral infection in chicken 
(HEPDING 1939; GOODWIN et al. 1994). Transgenic T. gondii were suggested as a live vaccine 
vector against eimeriosis in chicken recently (ZOU et al. 2011). On the other hand, transgenic E. 
tenella were also considered as possible Toxoplasma vaccine vehicle in chicken (TANG et al. 2016). 
Specific Th1 mediated immune responses were elicited for both applications. For development of 
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such vaccines, it is important to better understand the effects on the host immune system for both 
parasites, either exposure as a single pathogen or in combination. The current study provides 
evidence that the response of macrophages to infection and parasite reproduction is modified during 
co-infection in the model of primary chicken monocyte-derived macrophage cultures. The reported 
data and procedures established in the current study may help to understand macrophage-mediated 
immune responses in co-infections of two related parasitic protozoa, T. gondii and E. tenella, that are 
supposedly rather frequent under natural exposure conditions.  
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4 Conclusions 
In summary, an in vitro model of chicken monocyte derived macrophages infected with two 
apicomplexan parasites, monoxenous E. tenella and heteroxenous T. gondii, was established and 
evaluated over a study period up to 72 hpi. This study supports the hypothesis that simultaneous or 
successive exposure to both parasites leads to single species or dual infection of primary avian 
monocyte-derived macrophages, respectively. Monocyte-derived macrophages were confirmed as a 
suitable host cell type for T. gondii development. E. tenella sporozoites were also able to reproduce 
in this infection model even though with lower replication potential. Compared to the MDBK cell 
line, this model enabled better adjustment with acceptable growth of both parasites cultured under 
the same circumstances.  
The results provided evidence of mutual host-parasite interaction affecting morphology and cytokine 
expression different between mono- and co-infected macrophages. Increased vacuolization and 
phagocytosis inhibition in co-infected macrophages demonstrates that these cells are seemingly more 
stressed due to exposure to dual parasite infection. Enhanced production of IL-10 and TNF-ɑ by 
macrophages as observed in the current study is tightly linked to the interaction with other cells in 
the infection organisms. This has to be considered before functional conclusions are drawn.  
Parasite-parasite interaction manifested early as postponed host cell invasion by T. gondii tachyzoites 
in macrophages exposed to E. tenella co-infection. T. gondii took part in enhancing the macrophages‟ 
phagocytosis capacity resulting in more intracellular E. tenella found during the early period of 
co-infection.  
Under field conditions, it can be assumed that infections with both parasites occur frequently and 
probably in most cases sequentially. The observed differences in parasite reproduction between 
sequential and simultaneous infection underlines the influence of infection timing for both pathogens 
in a co-infection scenario. In field situations, Eimeria may thus potentially predispose chickens to a 
higher T. gondii burden if T. gondii infection is acquired subsequently. However, mutual influences 
of such infections depend on close timely proximity whereas it appears unlikely that long periods 
between exposure to the one and the other parasite will result in distinct interaction. However, the 
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model used in the current study does not allow conclusions on long term effects, and thus respective 
assumptions are in fact speculative at present.  
However, chicken monocyte-derived macrophage cultures may at least partially reflect immune 
mechanism and parasite-parasite interactions that are active in vivo during co-infection as many 
findings reported here were in line with in vivo results obtained by HIOB et al. (2017). In general, 
the established cell culture system is suitable and can be utilized to study the reaction of 
macrophages to certain protozoan infections and, as shown in this work, also to evaluate dual 
protozoan infections in chickens.  
Avian and mammalian immune systems are partially different in their response mechanisms towards 
protozoa. Therefore, this in vitro model may also provide a basis to investigate the interplay of other 
protozoa with chicken macrophages such as Leishmania (OTRANTO et al. 2010) and Plasmodium 
(YURAYART et al. 2017), which have been so far intensively studied in similar models in mammals 
only.  
The current avian model provides the possibility to assess primary macrophage reactions in the 
presence of different pathogens. Respective knowledge will strengthen the awareness that 
co-infections play an important role under conditions of natural exposure and that alterations in 
host-parasite systems may influence disease outcome. However, host immune responses form a 
complex system with a multitude of interfering factors. Therefore, the current study represents an 
initial step to better understand host-parasite-parasite interactions in birds but is not intended to 
deliver final answers. Quite the contrary, the obtained data lead to as yet unanswered questions 
requiring further investigation, both under controlled in vitro conditions as well as in experimental in 
vivo studies or even in natural infections. 
Summary 
88 
 
5 Summary 
Runhui Zhang 
In vitro co-infection studies on Toxoplasma gondii and Eimeria tenella in primary poultry 
macrophages 
Institute of Parasitology, Faculty of Veterinary Medicine, University of Leipzig  
Submitted in February 2020 
91 pages, 3 publications, 2 submitted manuscripts, 17 figures, 5 tables, 188 references 
Keywords: Toxoplasma gondii, Eimeria tenella, co-infection, macrophages, in vitro, host-parasite 
interaction, parasite growth, host immune response, cell imaging. 
Introduction: Toxoplasma gondii and Eimeria tenella are intracellular apicomplexan parasites that 
are widely distributed in chicken. Whereas infections with the zoonotic pathogen T. gondii are 
generally subclinical in poultry, E. tenella may cause severe disease and economical loss in chicken 
herds. Due to the high seroprevelences with both parasites in chicken, co-infections are likely to exist. 
Chicken macrophages are essential in the host innate immune response against these two protozoa. 
However, little is known about the host-parasite and parasite-parasite interaction in chicken 
macrophages during co-infection.   
Objectives: A suitable in vitro model for both T. gondii and E. tenella infection in chicken primary 
macrophages was established and applied to study the course of infection in mono- or co-infection.   
Animals, materials and methods: Monocyte-derived macrophages were isolated and purified from 
chicken blood. Co-infection with two T. gondii RH strain tachyzoites and two E. tenella Houghton 
strain sporozoites per cell were performed simultaneously or sequentially in vitro. Morphologic 
alterations of macrophages and parasite development were visualized by confocal laser scanning 
microscopy (CLSM) at 2, 6, 12, 24, 48 and 72 hours post infection (hpi). Parasite growth was 
evaluated by assessing expression of the 529-bp fragment of T. gondii and ITS-1 gene fragment of E. 
tenella by qPCR in parallel. Macrophage phagocytosis was stimulated by exposure to pH sensitive 
fluorescent bioparticles and quantified by a three-dimensional model using CLSM and Imaris® 
software at 2, 6, 12 and 24 hpi. Furthermore, infection-related cytokines (IL-6, IL-10, IL-12, iNOS, 
Summary 
89 
 
TNF-α and IFN-γ) were evaluated by gene expression analysis at 24, 48, 72 hpi. The course of 
sequential infection was evaluated to determine cell invasion and survival of T. gondii in 
macrophages previously exposed to E. tenella sporozoites. Motility of invasive stages was tracked at 
the early phase of infection (within 20 hpi) by real time life cell imaging.    
Results ： By cell imaging, macrophages displayed distinctly immunologic activation and 
phagocytosis at 2 hpi and thereafter. Significant changes of morphology with increased cell 
vacuolation and detachment were observed on 24 hpi during co-infection. T. gondii tachyzoites 
adhered for more than 4 hours to host cells displaying high motility instead of cell entry during the 
early sequential co-infection. However, T. gondii showed better replication than E. tenella in 
co-infected macrophages from 24 hpi onwards. Co-infection caused inhibition of phagocytosis by 
macrophages and bioparticles were not incorporated into co-infected cells at 12 hpi by CLSM. By 
qPCR, it was shown that approximately 4-fold less T. gondii survived in sequentially co-infected 
cultures at 2 hpi as compared to mono-infection (P < 0.05). Replication of both parasites increased 
during simultaneous co-infection whereas only half numbers of replicated T. gondii was found in 
sequential co-infection compared to mono-infection at 24 hpi. At the end of the study period (72 hpi), 
E. tenella multiplication tended to double increase while T. gondii replication was not distinctly 
altered during co-infection compared to 48 hpi. Expression of mRNA for iNOS at 48 hpi, for TNF-α 
at 72 hpi and for IL-10 at 48 and 72 hpi was significantly elevated during co-infection compared to 
mono-infection (P < 0.05).  
Conclusions：Mutual interaction between T. gondii and E. tenella were observed in the selected 
co-infection model. Increased macrophage stress may explain vacuolization and phagocytosis 
inhibition. In addition to morphologic alterations of macrophages, cytokine up/down- regulation 
differed between co-infected and mono-infected macrophage cultures. It appears that E. tenella, 
impairs the active penetration of T. gondii into host cells which deserves further study. The 
established in vitro infection model may serve to investigate host immune response of macrophages 
to diverse intracellular pathogens that infect chicken.  
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Einleitung: Toxoplasma gondii und Eimeria tenella sind intrazelluläre apikomplexe Parasiten, die in 
Hühnern weit verbreitet sind. Während Infektionen mit dem zoonotischen Erreger T. gondii beim 
Geflügel im Allgemeinen subklinisch verlaufen, kann E. tenella in Hühnerbeständen schwere 
Erkrankungen und wirtschaftliche Verluste verursachen. Aufgrund der hohen Seroprävalenz beider 
Parasiten bei Hühnern sind Koinfektionen wahrscheinlich. Hühnermakrophagen sind wichtig für die 
Wirtsimmunantwort gegen diese beiden Protozoen. Es ist jedoch wenig über die Wirt-Parasit- sowie 
Parasit-Parasit-Interaktion in Hühnermakrophagen während einer Koinfektion bekannt. 
Ziele der Arbeit: Ein geeignetes In-vitro-Koinfektionsmodell für T. gondii- und E. 
tenella-Infektionen in primären Hühnermakrophagen wurde erstellt und angewendet, um die 
Makrophagenantwort auf beide Parasitenarten und Koinfektionen zu untersuchen. 
Tiere, Material und Methoden: Von Monozyten abgeleitete Makrophagen wurden aus Hühnerblut 
isoliert und aufgereinigt. Eine Koinfektion mit zwei Tachyzoiten des RH-Stammes von T. gondii und 
zwei Sporozoiten des E. tenella-Houghton-Stammes pro Zelle wurde gleichzeitig oder nacheinander 
in vitro durchgeführt. Morphologische Veränderungen der Makrophagen und die 
Parasitenentwicklung wurden mittels Konfokalmikroskopie (CLSM) 2, 6, 12, 24, 48 und 72 Stunden 
nach Infektion (hpi) visualisiert. Die Parasitenvermehrung wurde evaluiert, indem die Expression des 
529-bp-Fragments von T. gondii und des ITS-1-Genfragments von E. tenella durch qPCR bewertet 
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wurden. Die Makrophagen-Phagozytose wurde durch Exposition gegenüber pH-sensitiven 
fluoreszierenden Biopartikeln stimuliert und durch ein dreidimensionales Modell unter Verwendung 
von CLSM und Imaris®-Software 2, 6, 12 und 24 hpi quantifiziert. Weiterhin wurden während der 
Infektion relevante Zytokine (IL-6, IL-10, IL-12, iNOS, TNF-α und IFN-γ) durch 
Genexpressionsanalyse 24, 48 und 72 hpi untersucht. Zusätzlich wurden die Zellinvasion durch und 
das Überleben von T. gondii im Verlauf einer sequentiellen Infektion evaluiert, indem Makrophagen 
zuvor der Infektion mit E. tenella ausgesetzt waren. Die Motilität invasiver Tachyzoiten wurde 
innerhalb von 20 hpi durch Live-Cell-Imaging verfolgt. 
Ergebnisse: Die Makrophagen zeigten eine deutliche immunologische Reaktion und 
Phagozytoseaktivierung ab 2 hpi. Signifikante Veränderungen der Morphologie mit erhöhter 
Zellvakuolisierung und -ablösung wurden ab 24 hpi während der Koinfektion beobachtet. Bei zuvor 
E. tenella-exponierten Makrophagen fiel auf, dass T. gondii bei hoher Motilität über 4 Stunden an der 
Makrophagenmembran anhaftete, bevor es zu einer Penetration kam. Ab 24 hpi vermehrten sich T. 
gondii in koinfizierten Makrophagen besser als E. tenella. Eine Koinfektion hemmte die 
Phagozytoseaktivität von Makrophagen nach 2 hpi erheblich, so dass Biopartikel nicht 
aufgenommen wurden (12 hpi). Mittels qPCR wurde gezeigt, dass bei sequenzieller Koinfektion 2 
hpi circa 4-fach weniger T. gondii überlebten als bei Monoinfektion (P < 0,05). Die Anzahl beider 
Parasiten nahm während der simultanen Koinfektion zu, aber bei der sequentiellen Koinfektion war 
die Vermehrung von T. gondii im Vergleich zur Monoinfektion bis 24 hpi auf etwa die Hälfte 
reduziert. Bis 72 hpi verdoppelte sich die Anzahl von E. tenella, während T. gondii bei Koinfektion 
in diesem Zeitraum auf dem gleichen Niveau wie 48 hpi blieb. Die mRNA-Expression von iNOS (48 
hpi), TNF-α (72 hpi) und von IL-10 (48 hpi und 72 hpi) war während der Koinfektion im Vergleich 
zur E. tenella Monoinfektion signifikant (P < 0,05) erhöht. 
Schlussfolgerungen: In dem Koinfektionsmodell wurde eine Interaktion zwischen T. gondii und E. 
tenella beobachtet. Zusätzlich zu den morphologischen Veränderungen und der 
Phagozytosehemmung der Makrophagen unterschieden sich die Parasitenvermehrung sowie die 
Zytokinexpression zwischen Koinfektion und Monoinfektion. E. tenella beeinträchtigt das aktive 
Eindringen von T. gondii in Wirtszellen, wie dies erfolgt, ist derzeit noch nicht geklärt.  
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